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ATMOSPHERIC  ABSORPTION OF HIGH  FREQUENCY  NOISE 
AND  APPLICATION TO FRACTIONAL-OCTAVE  BANDS 
BY F, DOUGLAS SHIELDS AND HI  E, BASS 
DEPARTMENT OF PHYSICS 8 ASTRONOMY 
THE UNIVERSITY OF MISSISSIPPI 
UNIVERSITY, MISSISSIPPI 38677 
1 I SUMMARY 
T h i s  r e p o r t  p r e s e n t s  t h e  r e s u l t s  of a NASA-Lewis sponsored study of 
atmospheric absorption of noise in the frequency range of 4 kHz t o  100 kHz, 
for temperatures from 255.4OK  (OOF) t o  310.9OK (10O0F) and a t  r e l a t i v e  humid- 
i t ies from 0% t o  s a t u r a t i o n .  The measurements were made i n  a l a rge  cy l ind r i -  
cal tube  (25.4 c m  I .D.  by  4.8 m long) .  Special  sol id-dielectr ic  capaci tance 
t ransducers  were constructed which f i t  i n s i d e  t h e  t u b e .  One of these t rans-  
ducers generated bursts of sound waves and was mounted so t h a t  it could be 
moved i n s i d e  t h e  l a r g e  sound tube. A second transducer of similar construc- 
t ion  te rmina ted  the  sound path and detected the tone bursts.  The absorp- 
t i o n  w a s  determined from the decay rate f o r  t h e  b u r s t  measured as a func- 
t ion of  the propagat ion dis tance as t h e  b u r s t  bounced back and f o r t h   i n  
the tube.  
Pure  tone  absorp t ion  coef f ic ien ts  were measured a t  1 / 1 2  octave 
i n t e r v a l s  from 4 kHz t o  100 kHz. The temperature w a s  v a r i e d  i n  5.5'K 
(1O0F) i n t e r v a l s  from 255.4OK (OOF) t o  310.9OK (100OF). The r e l a t i v e  
humidity was v a r i e d  i n  10% increments from 0% t o  s a t u r a t i o n .  The r e s u l t i n g  
absorpt ion w a s  compared t o  a proposed procedure for computing sound absorption 
f o r  p u r e  t o n e s  i n  still a h  and the agreement w a s  found t o  b e  q u i t e  good 
under most conditions.  The results for absorption of pure tones were then 
a p p l i e d  t o  t h e  p r e d i c t i o n  of a t tenuat ion  of bands of noise. The band absorp- 
t i o n  was found t o  depend s ignif icant ly  on the shape of  the noise  spectrum and 
the  type  of f i l t e r  used as w e l l  as the atmospheric conditions and propa- 
gat ion dis tance.  
It w a s  a l s o  found t h a t  t h e  band los s  coe f f i c i en t  does  no t  depend on 
propagat ion  d is tance  in  a simple way. However, f o r  many cases considered 
the  dev ia t ion  between t h e  1/3 octave band l o s s  and t h e  r e a d i l y  computed pure 
tone  absorp t ion  coef f ic ien t  a t  the center  f requency of  the band w a s  found t o  
be small. 
This  report  presents  the proposed procedures  for  calculat ing pure tone 




Since the early measurements of Duff ( ref .  1), absorption of sound 
i n  air has  proven to  be a f e r t i l e   f i e l d  of s c i en t i f i c  i nves t iga t ion .  
The f i r s t  s y s t e m a t i c  measurements were make by Knudsen ( re f .  2) i n  t h e  
1930's. The observed absorption w a s  explained theoret ical ly  by Kneser 
( re f .  3) i n  terms of viscous and thermal conduction losses (classical  
absorption) and v ibra t iona l  re laxa t ion  of  oxygen. This theory did mch 
t o  e x p l a i n  t h e  e f f e c t  of  humidity  on the  re laxa t ion  absorp t ion .  This  
and later work were stimulated by s tud ie s  o f  a r ch i t ec tu ra l  acous t i c s ,  
hence the frequency range of primary interest  w a s  tha t  impor tan t  in  
auditorium  design, i.e., 200 Hz t o  1 0  kHz. Greenspan ( r e f .  4) measured 
the absorption of sound i n  a i r  a t  high frequencies  (greater  than 1 MHz) 
and e s t ab l i shed  tha t  ro t a t iona l  r e l axa t ion  a l so  makes a s ign i f i can t  
cont r ibu t ion  to  sound absorption even a t  low frequencies .  In  the 1950's ,  
i nc reased  in t e re s t  i n  community noise in the frequency range from 100 Hz 
t o  1 kHz and 1arge.propagation distances prompted fu r the r  measurements. 
It w a s  recognized that the simple model of Kneser did not provide reliable 
predict ions under  these condi t ions.  As a r e s u l t ,  i n  1964,  Committee A21 of 
the Society of Automotive engineers issued an empirical prediction procedure 
(ref.  5) which provided a s i g n i f i c a n t  improvement over the basic pro- 
cedure  of  Kneser. As is the case with any empirical technique, the 
accuracy of the prediction procedure w a s  l imited by the  da ta  on which 
i t  w a s  based.  In  1967, Harris (ref.   6)  devised an  improved empirical  
technique based on the impressive amount of data which he had co l lec ted .  
This  data  w a s  l imited to frequencies below 15 kHz, therefore ,  p red ic t ions  
based on this  empir ical  technique a t  higher  f requencies  or  a t  l a rge ly  
different  a tmospheric  condi t ions could not  be considered rel iable .  
Since 1967, several major developments have occurred which increase 
the accuracy of  absorpt ion predict ions.  In  1969 Piercy (ref .  7) 
recognized that  vibrat ional  re laxat ion of  ni t rogen is a major source of 
absorption a t  audible  frequencies.  Monk ( r e f .  8) and  Evans, et.al., 
(ref.  9) considered a k i n e t i c  model fo r  air  absorption which included 
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t h e  e f f e c t s  of simultaneous relaxation of nitrogen and oxygen.  During 
this period, experimental  studies of atmospheric absorption under a 
wider variety of atmospheric conditions.  (although st i l l  a l imi ted  
frequency  range) were accumulating.  In  1971,  the S1 Committee  of t h e  
American Nat ional  Standards Inst i tute  (ANSI) appointed the S1-57 Working 
Group t o  examine t h e o r e t i c a l  and experimental knowledge of sound absorp- 
t i o n  i n  still air. This working group, chaired by D r .  Joseph Piercy, 
developed a predic t ion  technique  for  pure  tone  absorp t ion  which is based 
on the fundamental physics of sound absorption and available experimental  
data.  This procedure is empir ica l  on ly  . in  the  sense  tha t  measured  sound 
absorption w a s  used to determine the microscopic energy transfer rates 
o r  v ib ra t iona l  r e l axa t ion  times. Since i t  is firmly based on physical 
p r inc ip l e s ,  t he re  is no reason why this  technique can not  be appl ied 
outside the region of conditions spanned by present experimental  data.  
However, the numerical parameters used in  the  procedure  becorhe less c e r t a i n  
for frequencies above 10 kHz and temperatures  far  above or  below 294.3"K. 
So far,  only pure tone absorption has been considered. In principle,  
the absorption of a band of  no ise  can  be  predic ted  i f  the  var ia t ion  of  
the pure tone absorpt ion coeff ic ient  with frequency is known. However, 
i n  p rac t i ce  the  p rocess  of converting from pure  tone  va lues  to  loss  
coeff ic ients  for  bands of noise involves numerical  evaluation of an 
in tegra l .  In  order  to  avoid  th i s  compl ica t ion ,  ARP-866A ( re f .  5 )  recommends 
using the pure tone absorpt ion coeff ic ient  a t  band center  a t  frequencies 
up t o  4 kHz and at some frequency lower than the center frequency for 
bands with a center frequency above 4 kHz. This  process  recognizes  that  
most spec t r a  are f a l l i n g  o f f  r a p i d l y  a t  high frequencies but i s  a t  bes t  
a f i r s t  approximation. For most noise  control  appl icat ions,  f requencies  
above 4 kHz are not very important so the procedure used i n  &€"866A 
should be acceptable. 
Much modern aerodynamic research i n  j e t  noise  is done with scale 
models as small as 1 /10  to  1/20 f u l l  s c a l e .  Such  models f requent ly  
produce s ignif icant  noise  a t  frequencies up t o  100 kHz. I f  t h e  measured 
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a c o u s t i c  e m i s s i o n  from such models i s  t o   b e  compared to  theo ry  01: 
emissions from other models measured with different atmospheric condi- 
t i o n s ,  t h e  measured noise spectrum must be corrected for atmospheric 
absorption. Since there w a s  l i t t l e  pure  tone  absorp t ion  da ta  in  the  
frequency'range from 20 kHz t o  100 kHz, t h e r e  w a s  no way t o  compute 
wi th  conf idence  the  loss  for 'bands  of no i se  in  th i s  f r equency  r ange .  
It w a s  dec ided ,  therefore ,  to  make pure tone absorpt ion measurements 
over  this  f requency range for  a v a r i e t y  of atmospheric conditions, 
t o  compare these  va lues  to  the  p red ic t ions  o f  t he  S1-57 Working Group, 
t o  u s e  t h e s e  r e s u l t s  as a basis f o r  computing band l o s s  c o e f f i c i e n t s ,  
and f i n a l l y  t o  compare t h e  band l o s s  c o e f f i c i e n t s  w i t h  ARP-866A. The 
r e s u l t s   o f   t h i s  program nonducted under con t r ac t  NAS3-19431 with NASA- 
Lewis Research Center are d e s c r i b e d  i n  t h i s  r e p o r t .  
The  work d i v i d e s  n a t u r a l l y  i n t o  two par ts .  Sect ions ( 3 )  through 
( 5 )  o f  t h i s  r e p o r t  are devoted t o  t h e  c a l c u l a t i o n  and measurement of 
the  pure  tone  absorp t ion  coef f ic ien ts .  The second p a r t ,  d i s c u s s e d  i n  
Section (6) treats absorption of bands  of  noise. The prediction pro- 
cedures developed i n  S e c t i o n  (6) fo r  abso rp t ion  of bands of noise assume 
the pure tone absorpt ion can be accurately computed.  Although the pro- 
cedures are independent of the numerical values of pure tone absorption 
coe f f i c i en t s ,  t he  t ab le s  o f  band loss coe f f i c i en t s  g iven  in  Appendix C ,  
which use  the  method of Section ( 6 ) ,  are based on the pure tone prediction 
procedure of Section ( 3 ) .  
The SI-57 Working Group Of t he  American Nat ional  Standards Inst i tute ,  
chaired by D r .  Joseph Piercy, provided useful comments, suggestions,  and 
advice. L -  C. Sutherland  of Wyle Labora to r i e s  a s s i s t ed  in  computing  atmos- 
pheric absorption Of bands of noise, Alan Marsh of DyTec Engineering provided 
many Of t he  f igu res  inc luded  in  the  r epor t ,  and Landon  Evans of The Boeing 
Company  made valuable  suggest ions concerning presentat ion of  resul ts .  
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3, THEORY OF SOUND ABSORPTION I N   A I R  
3 , 1  SOUND ABSORPTION MECHAN I SMS 
A r igorous  theory  for  sound a b s o r p t i o n  i n  still a i r  has been 
developed and w i l l  be published as a t h e o r e t i c a l  background document 
( ref .  10)  in  support  of  a new s tandard  for  sound a b s o r p t i o n  i n  air. 
This chapter w i l l  give a br ie f  ou t l ine  of  the  absorp t ion  mechanisms 
f o r  sound absorp t ion  in  s t i l l  a i r  and will descr ibe  a proposed pre- 
dict ion procedure (ref .  11) .  
The mechanisms which contr ibute  to  the absorpt ion of  sound i n  s t i l l  
air are vibrat ional  re laxat ion absorpt ion,  rotat ional  re laxat ion absorp-  
t i on ,  and absorp t ion  due  to  v iscos i ty  and thermal conduction (classical  
absorption).  A t  frequencies  below 1 MHz, i t  is convenient to combine 
classical and ro t a t iona l  r e l axa t ion  abso rp t ion  s ince  they  bo th  va ry  as 
the frequency squared. Vibrational relaxation absorption is due primar- 
i l y  t o  t h e  r e l a x a t i o n  of ni t rogen and oxygen. The to ta l  absorp t ion  of  
sound i n  s t i l l  air ,  then, is given by a sum of  the absorpt ion due to  
v ib ra t iona l  r e l axa t ion  of n i t rogen  (a 1, vibra t iona l  re laxa t ion  of  v ib  ,N 
Oxygen (avib, 0 ), and combined ro t a t iona l   r e l axa t ion  and c l a s s i c a l  mech- 
anisms (a ). The absorption  per  wavelength (d, nepers)  due  to  each  of 
these  mechanisms is given i n  f i g u r e  3 . 1  f o r  a temperature of 293.15'K, 
re la t ive humidi ty  of 70%, and a t  atmospheric pressure. It can  be  seen 
that  under  these condi t ions,  ni t rogen relaxat ion makes the  l a rges t  con t r i -  
but ion a t  low frequencies and oxygen re laxa t ion  makes the  l a rges t  con t r i -  
bution a t  intermediate  frequencies.  Classical and r o t a t i o n a l  r e l a x a t i o n  
absorption are most important a t  higher frequencies.  
CR 
As t h e  amount of water vapor i n   t h e  a i r  changes,  the posi t ion of 
t he   peaks   i n   t he  a X versus  frequency  curves  changes.  In  general, 
t he  peaks  sh i f t  toward higher frequencies as t h e  water vapor content 
increases  (see f igure 3.2) .  However, t he  two c u r v e s  s h i f t  a t  d i f f e r e n t  
rates with increasing water vapor concentration. The frequency a t  which 
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Figure 3 . 2  Absorption Due to Vibrational Relaxation of Oxygen as a Function of Water  Vapor  Con- 
centration, T = 293.15'K, P = 1 atm. 
the  molecule  of  concern. If the  relaxation  frequencies f and f 
r,N  r,O 
are known as a function  of  water  vapor  content,  the  absorption  can  be 
computed  precisely  since a is  well  established  (ref.  12).  The  values 
of f and f depend  upon  the  number  of  collisions  which  take  place 
between H 0 molecules  and N and 0 molecules  respectively,  hence  they 2 2 2 
depend  upon  the  concentration  of H 0 or  absolute  humidity,  h.  The  abso- 
2 
lute  humidity  can  be  computed  from  the  relative  humidity, h as  shown  in 
figure 3.3 and  also  by  the  method  given  later  in  this  chapter. 
CR 
r,N  r,O 
ry 
1 2 4 6 8 1 0  20 40 60 80 100 
RELATIVE HUMIDITY. h , .  percent  
Figure 3.3 Molar  Concentration  of  Water  Vapor  for  Various 




As the  temperature  decreases,  for a given  relative  humidity,  the 
absolute humidity decreases, hence f and f decrease. This effect 
gives  rise  to  the  largest  variation  of  absorption  with  temperature. 
r,N  r,O 
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There  are  other,  smaller,  temperature  dependent  effects.  The  first  of 
these  is  due  to  the  variation  in  vibrational  specific  heats  of N and O2 
with  temperature.  The  effect  of  the  variation in specific  heat on the 
absorption  due  to  the  vibrational  relaxation  of O2 is  shown  in  figure 3.4. 
As the  temperature  increases o does  the  absorption  when  holding  the 
absolute  humidity  constant. An even  smaller  temperature  effect  is  due 
to  the  change  in  viscosity,  thermal  conductivity,  and  rotational  relaxa- 
tion  frequency  with  temperature.  Each  of  these  effects  tends  to  increase 
the  absorption  slightly  with  increasing  temperature,  all  other  factors 
being  constant. 
2 
The  final  parameter  which  affects  the  observed  absorption  is  pressure. 
An increase  in  pressure  has  the  same  effect  as a decrease  in  frequency, 
provided  the  pressure  increase  is  not s  large  as  to  effect  the  ideality 
of  the  gas.  For  most  atmospheric  applications  on  the  surface  of  the 
earth  this  effect  is  small. 
Figure  3.4  Temperature  Dependence  of  Absorption  Due  to  Vibrational 
Relaxation  of  Oxygen, h = 1.614504% 
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3 2  SIMPLIFIED EXPRESSIONS FOR PURE TONE ABSORPTION 
As explained in  topic  3 .1 ,  the sound a b s o r p t i o n  i n  a i r  ( a )  can be 
cons ide red  to  be  the  sum of cont r ibu t ions  due  to  the  v ibra t iona l  relax- 
at ion of  oxygen, t he  v ib ra t iona l  r e l axa t ion  o f  n i t rogen ,  ro t a t iona l  relax- 
a t i o n  and classical absorpt ion due t o  v i s c o s i t y  and heat conduction. The 
last  two can  be  co l lec ted  in to  a s i n g l e  term and a w r i t t e n  as, 
a = a  vib ,O + 'vib,N CR' 
The classical absorp t ion  can  be  wr i t ten  in  terms of the  coe f f i c i en t s  
+ a where a - CR - a ~ l  + a r o t *  
of v i s c o s i t y  and thermal conductivity as 
a = [ u 2 ~ ~ 2 p ~ c 3 )  1 [411/3 + (y - l)K/(ycv) I ,  nepers-m -1 c1 (3.1) 
where 
w = 2a times the acoust ic  f requency (sec-l) 
po = equi l ibr ium gas  dens i ty  in  kg-m -3 
c = speed of sound i n  m-sec -1 
c = spec i f i c  hea t  a t  constant volume i n  J-(kg-mole) -1-0,-1 
V 
y = r a t i o  o f  s p e c i f i c  h e a t s  
1.1 = coe f f i c i en t  of v i s c o s i t y  i n  kg-m-sec-' 
and 
K = coef f ic ien t  of  thermal  conduct iv i ty  in  J-(kg-mole)-l-oK-l-kg-m-sec . 
A t  frequencies much lower than the rotational relaxation frequency 
-1 
(-100 MHz fo r  a i r ) ,  t he  abso rp t fon  due  to  ro t a t iona l  r e l axa t ion  can be 
wr i t t en  as 
a r o t  (3 - 2) 
where 
P = the  ambient  pressure in  N-m-2 
P 
c = spec i f i c  hea t  a t  cons t an t  p re s su re  in  J-(kg-mole) -1-0,-1 
and 
'rot = r o t a t i o n a l   c o l l i s i o n  number. 
The r o t a t i o n a l   c o l l i s i o n  number which is t h e  number of molecular coll isions 
requi red  to  es tab l i sh  ro ta t iona l  equi l ibr ium has  been  measured over a range 
of temperatures and can be represented as ( re f .  12)  
11 
= 60.8 exp  -(16.8/T  1/3) , ‘rot . (3;  3) 
where . ,  . .  
T = temperature in OK. . .  - .  
Equations (3.1) and  (3.2)  can be  simplified  by making some  approximations- 
First,  if we use  the  Euken  expression, 
K = (15Rl.1/4) [4cv/  (15R) + 3/51 J- (kg-mole)-l-oK-kg-m-l-sec-l (3.4) 
where 
R= universal  gas  constant  in  J-(kg-mole) -OK -1  -1 
and  with  values  of  y,c  and c for  air,  equation  (3.1)  becomes 
P’ V 
a = /(~Pc)1(1.881~), 
2 -1 
c1 nepers-m . (3.5) 
Recognizing  that  with  these  substitutions, 
arot’aC1 = 0.0681 Zrot, (3.6) 
we can  write  the  sum  of  classical  and  rotational  relaxation  absorption,a CR’ 
a = & [ w  /(yPc)]U(1.88)[1 + 0.0681 Zrotl, nepers-m . (3.7) 2 -1 CR 
Further  simplification  results  when  the  coefficient  of  viscosity  is  written 
in  the  form  of  Sutherland’s  equation 
l . ~  = BT1l2/(1 + S/T),  kg-m-l-sec-’  (3.8) 
where 
B = empirical  parameter = 1.458 x 10 kg-m  -sec -OK 
S = empirical  parameter = 110.4OK  for  air. 
-6 -1 -1 -1/2 for air 
With  this  substitution  and 
c = 343.23 (T/To) , m-sec 1/2 -1 (3.9) 
where 
c = speed  of  sound 
and  To = 293.15OK,  equation  (3.7)  becomes 
a = 5.578 x lO-’[(T/T  )/(T + 110.4)][1 + 4.14 exp  -(16.8/T1/3)] CR 0 
Evaluating  equation (3.10) for  various  temperatures  indicates  that a 
simplified  empirical  equation  of  the  form 




is with in  2 percent of equation (3.10) for temperatures between 213% 
and 373OK. 
The abso rp t ion   due   t o   v ib ra t iona l   r e l axa t ion  of ni t rogen and oxygen 
both have the form 
-vib, j C 
N 25 fL/fr  - lepers-m -1 
1 + ( f / f r , j  )2  
(3.12) 
where 
a = abso rp t ion   due   t o   v ib ra t iona l   r e l axa t ion   o f  oxygen o r   n i t rogen  
v ib  , j 
j 
r , j  
S = r e l axa t ion   s t r eng th  
f - re laxa t ion   f requency   in  Hz. 
they are 
where 





and 9 = 
j 
The r e l axa t ion  s t r eng ths  are read i ly  found f o r  oxygen and ni t rogen since 
s = cj ' R l [  (cp -cj * ICv] 
j 
(3.13) 
v ibra t iona l  spec i f ic  hea t  of  n i t rogen  or  oxygen 
Xj(gj/T) 2 e -('j'T)/ [1 - e -(ej/T) 1 R  2 
mole f r ac t ion  o f  t he  component, 0.20948 f o r  oxygen and 0.78084 
fo r   n i t rogen  
cha rac t e r i s t i c  v ib ra t iona l  t empera tu re  (2239.l0K f o r  oxygen and 
3352.OOK fo r   n i t rogen) .  
Thus f a r ,  a l l  quantit ies have been expressed in terms of  nepers-m . 
Using  these  uni t s ,  the  signal amplitude, A, at  some d is tance ,  R, from a 
source of amplitude, Ao, ignoring geometr ic  effects ,  would be given by 
A = Aoe . It is more common to  expres s  the  abso rp t ion  in  un i t s  o f  db-m 
where 
1 neper-m-' = 8.686 db-m". 
-1 
-Ra -1 
I f  t h e  symbol "ar' is used to  deno te  the  abso rp t ion  coe f f i c i en t  i n  db/m, 
and s ince  dec ibe l  l eve l s  are re l a t ed  to  the  squa re  of the  s ignal  ampli tude,  
i t  fo l lows  tha t  
-aR = 10 log (A/Ao) o r  A = A. x 10 -aR/20 (3.14) 
Combining equations  (3.11),  (3.12), and (3.13) gives an expression 
f o r  t h e  t o t a l  a b s o r p t i o n  as 
1 3  
I 
a ( f )  = 8.686(T/To)1'2[f2/(P/Po)l{l.84 x + 2.19 x 10-4(T/To)-1(P/Po) 
~ ' ( 2 2 3 9 / T ) ~  [exp(-2239/T)]/[f + ( f  2 / f r ,o ) ]  + 8.16 x 10-4(T/T0)-1 
x (P/Po)  (3352/TI2  [exp(-3352/T) 1 / [ f r Y N  +(f 2 /fr,N) 1 I (3.15)** 
r, 0 
where 
a ( f ) .=  abso rp t ion  coe f f i c i en t  i n  db/m 
T = temperature i n  OK 
To = reference temperature, 293.15"K 
f = acous t ic  f requency  in  Hz 
P = ambient atmosphere pressure,N/m 2 
Po = reference pressure,  1.013 x 10 N/m 5 2  
f = relaxation  frequency  of oxygen 
f = relaxation  frequency  of  nitrogen. 
r, 0 
r , N  
The va lues   for  f  and  f are not: accurately known over   the  range of 
humidity  and  temperature  covered i n  t h i s  s t u d y .  Improved values of f 
can be obtained from the experimental  results reported here.  For o.ur pre- 
dict ion  procedure , the   values   of  f  and f suggested i n   r e f e r e n c e  11 
r , O  r, N 
r , O  
r , O  r , N  
were used, 
= (P/P,) (24 + 4.41 x 104h [ (0 .05 + h)/(0.391 + h)]),  Hz' f r , O  (3.16)* 
f r , N  = (€'/Po) (TITO) -1/2 [ 9 + 350h exp{-6.142 [ (T/To)-1/3-1] 11, Hz (3.17)" 
where h, the absolute  humidi ty ,  in  percent  can be wri t ten as 
h = hr (Psat /Po> / (P/Po) , percent,  (3.18)* 
where 
h = relative humidity i n  p e r c e n t  r 
and 
= par t i a l  p re s su re  o f  s a tu ra t ed  water vapor, N/m . 2 'sat 
Using the Goff-Gratch equation, 
loglo (Psat /Po) = 10 79586 1 1  - (TO1/T) ] - 5.02808 loglo(T/Tol) 
+ 1.50474 x 10-4(1 - 10 -8.29692[ (T/TO1)-l]) 




where T = 273.16"K. 01 
The procedure for computing a is as follows: 
1. Determine P /P from  equation 3.19. 
2. Compute absolute  humidity  using  equation  3.18. 
3.  Compute  f and f from  equations 3.16 and  3.17. 
4.  Compute a i n  db/m using equation 3.15. 
sat 0 
r, 0 r , N  
A program t o  do t h i s  c a l c u l a t i o n ,  w r i t t e n  i n  FORTRAN is g iven  in  
Appendix B.3, and is e n t i t l e d  AIRAB. 
3 , 3  COMPARISON WITH PRIOR EXPERIMENTAL RESULTS 
During the  course  of t h i s  i nves t iga t ion ,  a comprehensive review of 
pr ior  experimental  measurements of sound absorp t ion  in  s t i l l  air  w a s  re- 
leased by L. C. Sutherland of Wyle Laborator ies  under  contract  to  DOT 
(ref.  13).  Although the analysis used and  conclusions drawn are too 
lengthy to reproduce here, Sutherland concluded that the equations pre- 
sented in  Sect ion 3.2 provide an excel lent  representat ion of  pr ior  work. 
The r eade r  shou ld  r e fe r  t o  the  o r ig ina l  r epor t  fo r  de t a i l s .  It should be 
no ted  tha t  i n  a l l  previously published work, t he re  are a t o t a l  of less 
than 1500 data points; the experimental work reported here represents 
6,847 points. 
Following the publication of the report mentioned above, three other 
papers have appeared which provide some additional information on sound 
absorption is still  air .  In  reference 12 Bass and Sutherland report a 
review of very high frequency (1 mHz t o  100 d z )  sound abso rp t ion  in  air  
over a range of temperatures (295OK t o  773OK) which allowed them to  de t e r -  
mine the temperature dependence of the rotational.  relaxation t i m e  of a i r  
hence aCR. Thei r  resu l t s  inc lude  those  of  Bass and  Keeton (ref .  14)  and 
are ref lected in  equat ion (3.15) .  A more recent paper by Bass, Keeton, 
and Williams (ref. 15) examines the temperature dependence of the vibra- 
t ional  re laxat ion frequency for  oxygedwater  vapor  mixtures .  Their  resul ts  
are cons i s t en t  
over the range 
wi th  the  l ack  of a temperature dependence i n  equation (3.16) 
of temperatures of concern i n  t h i s  r e p o r t  (255OK t o  310OK). 
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4, EXPERIMENTAL PROCEDURE 
4 , l  EXPERIMENTAL SYSTEM 
The experimental  port ion of  this  s tudy consis ted in  measuringsound 
abso rp t ion  in  a i r  a t  frequencies from 4 kHz t o  100 kHz a t  1/12 octave 
i n t e r v a l s  and a t  temperatures from 255.4OK t o  310.9"K at 5.5OK i n t e r v a l s  
and relative humidities from 0% t o  100% at  10% intervals .  The system used 
t o  make these measurements i s  diagrammed i n  f i g u r e  4.1. A series of b u r s t s  
of plane sound waves from 2 to  10 mil l iseconds long w a s  generated a t  t h e  
sound source and then allowed t o  r e f l e c t  b a c k  and f o r t h  i n  t h e  sound tube. 
The tube was made of aluminum and has  a 25.4 cm in te rna l  d iameter ,  a 0.95 
cm w a l l  and is 4.8 meters long. There are su i t ab le  sys t ems  to  con t ro l  and 
maintain uniformity in temperature and relative humidi ty  a long the ent i re  
tube length.  The amplitude of t h e  sound wave i n  each echo bui-st w a s  measured 
a t  each  re f lec t ion  by t h e  microphone that  terminates  the opposi te  end of 
t h e  sound tube. The pa th  length  for  the  sound can be varied by  moving t h e  
sound source  wi th in  the  sound  tube. As discussed later,  t h i s  v a r i a t i o n  
i n  sound path length enabled the separat ion of  t ransmission and r e f l e c t i o n  
losses .  
4.1.1 Sound  Source  and  Microphone  Transducers 
The sound source and microphone used i n   t h i s  experiment, shown i n  
f igure 4.2,  are l a rge r  ve r s ions  o f  t he  so l id  d i e l ec t r i c  capac i to r  micro- 
phones described by  Kuhl ( re f .  16)  and previously used i n  t h i s  l a b o r a t o r y .  
They cons i s t  of a th in  d i e l ec t r i c  shee t  me ta l i zed  on one s ide ,  s t re tched  
t i gh t ly  ac ross  a metal backing plate with the metalized surface on t h e  
outs ide  and insu la ted  from the backing plate .  A DC vol tage (100 t o  200V) 
is  applied between metalized coating and the  backing  p la te .  When used as 
a speaker, an AC voltage of the desired frequency is a p p l i e d  i n  series w i t h  
the  polar iz ing  vol tage .  The AC voltage produced when the system is used 
as a microphone is amplified by a high input impedance amplif ier .  
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DIAGRAM OF EXPERIMENTAL APPARATUS 
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Figure 4.1 Diagram of the Experimental  System for Measuring Sound Absorption 
> 
K 
Figure 4.2 Diagram  and  Construction  Details  of  the  Transducers. 
A - sound  tube  cross  section, B - sound  tube  wall, C - 
moveable  speaker  piston, D - rod  for  moving  speaker, E - 
Teflon  ring, F - 0.00064 cm  aluminized  mylar, G - backing 
plate, H - tension  ring, I - compression  spring, J - insula- 
tion,  Teflon  impregnated  glass  sheet,  and K - insulated  screw 
for  holding  the  backing  plate. 
Experiments  were  conducted  using a 11.43 cm  diameter  prototype 
speaker-microphone  system  to  measure  the  effects  of  changing  the  dielectric 
material,  bias  voltage  and  backing  plate  surface  on  the  sensitivity,  frequency 
response,  linearity,  and  reflection  coefficient  of  the  transducer. A 0.64 cm 
diameter  capacitance  microphone  with a calibrated  frequency  response  exceeding 
100 kHz was  used  to  measure  the  frequency  response  of  various  transducers. 
Originally,  this  microphone  was  considered  for use as  the  receiver  in  the 
absorption  experiments,  but  investigations  showed  that  the 0.64 cm  micro- 
phone  had  poor  recovery  characteristics  when  amplifying  short  tone  bursts 
of  sine  waves  on  the  order  of 2 to 5 msec.  The  insertion  of  the  microphone 
in  the  end  plate  also  affected  the  reflection of the  sound  at  high  frequen- 
18 
des .  The successful  construct ion of the capaci tor  t ransducers  with f r e -  
quency response exceeding 100 kHz and y i t h  a d e q u a t e  s e n s i t i v i t y  l e d  t o  a 
decis ion to  use these t ransducers  as both-microphone and sound source.  
Tests were conducted  using 6.35 x 10 c m  Kapton coated  with aluminum 
and 6.35 x low4 c m  mylar coated with gold, aluminum and chromium as t h e  
d i e l e c t r i c .  No measurable effect  on the  sens i t i v i ty  o r  f r equency  
response W a s  noted,  and 6.35 x cm mylar  coated  with aluminum was 
chosen t o  b e  used in t he  f ina l  t r ansduce r s  as t h e  s o l i d  d i e l e c t r i c .  
Tests were conducted on backing plates  with a smooth l a t h e   f i n i s h  
(0.003cm/revolution, depth of groove less than 0.0003cm), with a polished 
f i n i s h ,  and with a coarse lathe finish (0.038cm/revolution, depth of 
grooves 0.008cm). NO measurable difference w a s  detected between the two 
smooth Plates, but  a uniform increase of 10 db i n   s e n s i t i v i t y  w a s  observed 
with the grooved backing plate. For the  t ransducers  used  in  the  measur- 
ing system, the backing plate w a s  p o l i s h e d  f l a t  and  smooth. Figure 4 . 3  
shows a p l o t  of the output of one of these transducers as a function of 
frequency as measured by a 0 .64  c m  capacitance microphone located one 
meter from the transducer on its axis. 
-4 
The output increased as the square of the frequency and w a s  still  
increasing a t  the upper frequency limit of  the  e lec t ronics .  The d i p  i n  
output a t  about 40 kHz w a s  very puzzling a t  f i r s t   b u t   h a s  now been traced 
t o  t h e  e f f e c t  o f  F resne l  d i f f r ac t ion  on t h e  0 .64  c m  microphone. I n  f a c t ,  
t he  de t a i l s  o f  t he  F resne l  d i f f r ac t ion  pa t t e rn  were t raced out  by moving 
t h e  0.64 c m  microphone through the radiation field of the transducer.  
This adds confidence that this transducer generated plane coherent waves. 
Both t h e  sound source and microphone were constructed so as t o  com- 
p l e t e l y  f i l l  t h e  c r o s s  s e c t i o n a l  area of t h e  sound tube. Figure 4 . 2  shows 
some of t h e  d e t a i l s  of the construct ion of  these t ransducers .  The  sound 
source is a spool shaped plunger that could be sl ipped back and forth in 
t h e  sound tube by a 1 .27  c m  s t a i n l e s s  steel rod. that  passes through an 
O-ring seal i n  t h e  end p l a t e  t ha t  t e rmina te s  the  sound tube. The mylar 
f i l m  is a t t ached  to  the  f loa t ing  r ing ,  H, and is held under tension as 
it is s t r e t ched  ac ross  the  back ing  p l a t e  by three  spr ings  labe led  "I" i n  
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Figure 4.3 Output of the Solid-dielectric Capacitance Transducer.  
The transducer is 25.4 c m  in  d i ame te r  and the  output  is measured 
wi th  a 0.64 c m  B & K capacitance microphone located one meter 
from the t ransducer  surface and on its axis. 
f i g u r e  4.2. Teflon gaskets '  around the outside edges of the two ends 
of  the  "spool"  a l low the  p lunger  to  f i t  snugly  and  ye t  s l ip  eas i ly  ins ide  
t h e  sound tube. 
The microphone, which terminates the other end of  the sound tube, has 
e s s e n t i a l l y  t h e  same construct ion as the right-hand end of the speaker  
"spool." The microphone p l a t e  i s  connected by a rod t o  a bellows i n  t h e  
end p l a t e  of  the sound tube. By s t r e t ch ing  th i s  be l lows  it  is  poss ib le  
t o  move t h e  microphone back toward the end of t h e  sound tube about 1.91 cm 
so as t o  expose exit  p o r t s  f o r  c i r c u l a t i n g  t h e  test gas. This motion was 
accomplished by use of a pneumatic valve. 
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4.1.2 Electronic  Equipment  and Sound Burst Generation 
The e l e c t r o n i c  components for  genera t ing  and de tec t ing  the  sound 
b u r s t s  are shown i n  t h e  b l o c k  d i a g r a m  i n  f i g u r e  4.1. The burs t s  of  
s i n e  waves to  be  app l i ed  to  the  speake r  were produced by a General Radio 
1396-B tone burst  generator  which al ternately interrupted and passed the 
s inusoida l  input  s igna l  f rom an  osc i l la tor . .  The . f requency  of t h i s  
s i g n a l  was varied from 4 kHz t o  100 kHz and w a s  monitored with a H e w l e t t -  
Packard 521C frequency counter. The tone burst  generator  control led the 
burs t  dura t ion  and t h e  i n t e r v a l  between bursts. The length  of t he  bu r s t  
w a s  maintained less than  the  time needed f o r  t h e  sound wave t o  t r a v e l  
down t h e  sound tube and back i n  o r d e r  t o  a v o i d  t h e  e f f e c t  of standing 
waves. Typica l ly ,  th i s  burs t  t i m e  var ied  from 2 t o  20 mill iseconds as 
the  e f f ec t ive  l eng th  of the  tube  w a s  varied.  The time between bursts 
had t o  be var ied to  insure that  the echoes from one tone burst  had decreased 
t o  background noise  level  due to  absorpt ion.before  the next  burst  was pro- 
duced. A t  low frequencies,  temperatures, and humidities sound absorption 
i s  small and a s i n g l e  b u r s t  was r e f l e c t e d  f o r  as long as a few seconds 
before being reduced to the background noise level. A t  high frequencies 
a period of less than 100 msec between bu r s t s  w a s  required.  
The tone  bu r s t s  from t h e  GR 1396 were amplified by a Krohn-Hite 
ampl i f ie r  and capaci t ively coupled to  the DC-biased transducer previously 
described. The rece ived  s igna l  w a s  amplified with a Princeton Applied 
Research amplifier and passed through a tuned f i l t e r  p r i o r  t o  b e i n g  d i s -  
played on a Hewlett-Packard 141 Storage Oscilloscope and the Canberra 
8100 Multichannel Analyzer. 
Although it is relat ively easy to  display each exponent ia l ly  decay- 
ing  echo p a t t e r n  on a s torage osci l loscope,  it is not so easy to  get  an 
accurate measure of these decaying burst  heights out i n  a shor t  enough 
time to allow the needed.number of measurements t o  b e  made i n  a reasonable 
period of t i m e .  To accomplish these measurements a Canberra Data Acquisi- 
t i o n  System w a s  used as discussed below. This system included a Basic 
Quanta pulse  height  analyzer  with a 1024 channel storage. 
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4.1.3 Temperature  and  Humidity  Systems 
Perhaps the most difficult  experimental  problem encountered w a s  t h a t  
of control l ing the environmental  condi t ions of  temperature  and humidity. 
For the purpose of controll ing the temperature,  the sound tube w a s  
wrapped with 0.953 cm O.D. copper tubing. To in su re  good thermal con- 
t ac t  the copper tubing was p u l l e d  d o m  t i g h t l y  a g a i n s t  t h e  aluminum 
tube with refr igerat ion tape.  The ind iv idua l  t u rns  in  the  coppe r  co i l s  
were about 2.54 c m  between centers. To cover the complete '4.8 meter 
length of the  tube ,  6 co i l s  cons is t ing  of  31  turns  each  were connected 
i n  p a r a l l e l  t o  2.54 c m  copper entrance and exhaust manifolds. In 
order  to  insure uniform f low,  care was taken  to  keep  the  f low res i s tance  
the  same in  each  o f  t he  s ix  pa ra l l e l  co i l s .  An t i f r eeze  so lu t ion  w a s  
c i rcu la ted  through these  co i l s  from a Forma S c i e n t i f i c  Company  Model 2324 
temperature controlled bath. This bath i s  capable of removing 650 
Btu/hour a t  255OR, t h e  c i r c u l a t i n g  pump suppl ies  760 LPM at  a 0.91 m 
head  and its temperature   control ler  i s  s e n s i t i v e  t o  f0.02°1<. Tempera- 
t u r e  c o n t r o l  and heat ing were accomplished by a 650 w a t t  hea te r  enabl ing  
t h e  c i r c u l a t e d  f l u i d  t o  e i t h e r  h e a t  o r  c o o l  t h e  sound  tube. Of course, 
the entrance and e x i t  l i n e s  f o r  c i r c u l a t i n g  t h e  a n t i f r e e z e  had t o  b e  
carefu l ly  insu la ted .  
The sound tube and the associated cooling coils were surrounded 
by 15.24 c m  of polyurethane insulat ion and enclosed in  a box (5.2m)x(0.6m)x 
(0.6m) made of 1.91 c m  plywood. Al j o i n t s  were taped  wi th  re f r igera t ion  
tape.  Temperature w a s  monitored a t  60.69 c m  i n t e rva l s  a long  the  sound 
tube by copper-constantan thermocouples mounted in  thermal  contact  with 
the  ou t s ide  w a l l  o f . t h e  sound  tube. The thermocouple voltages were 
read using a Hewlett-Packard Model DY 2010A Data Acquisition system. 
This system, which is capable of reading twenty-five channels of e i t h e r  
vol tage or  f requency,  w a s  used to  r ead  the  con t ro l  va r i ab le s  be fo re  
each absorption measurement. This system w a s  i n t e r f a c e d  t o  t h e  PDP-11 
computer i n  the Canberra system and these values became par t  of  the hard 
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copy output from the Canberra for each absorption measurement. With t h i s  
system it w a s  p o s s i b l e   t o  maintain the temperature of the  sound tube both 
uniform and cons t an t  t o  wi th€n .a  few t en ths  of a degree Kelvin. 
A second circulating system w a s  r e q u i r e d   t o   e s t a b l i s h  and maintain 
the desired humidity.  This circulating system is' diagrammed i n  f i g -  
u re  4.1. I n  t h i s  d iagram,  the  par t  wi th in  the  dot ted  l ines  i s  enclosed 
in  the  tempera ture  cont ro l led  box. 
To establ ish the desired humidi ty  within the sound tube the micro- 
phone w a s  pulled back toward the end of the  sound tube approximately 
1.91 cm exposing four 0.64 cm holes  in  the  tube  w a l l .  The motion of 
t he  microphone was communicated through the end p l a t e  by a bel lows that  
is connected t o  t h e  end p la te  wi th  an  O-ring seal. The sound source w a s  
then moved back  un t i l  a similar set of  four  holes  in  the tube w a l l  were 
exposed to  a l low a by-pass path for the circulating gas around the 
speaker surface and back i n t o  t h e  sound tube  in  the  r eg ion  between t h e  
two ends  of t h e  moveable plunger. From there the gas passed through 
ho le s  in  the  sp ind le  and r ea r  su r face  of the plunger and exi ted. through 
a 1 .91  c m  O.D. tube connected through a swagelock f i t t i n g  t o  t h e  end 
p la te .  
To establ ish vapor  equi l ibr ium within the sound tube,  the pump i n  
f igure  4 .1  c i rcu la ted  the  gas  through the sound  tube. Care was exercised 
i n  c i r c u l a t i n g  t h e  g a s  and i n  moving the speaker  to  maintain a pos i t i ve  
pressure on the  face of  the t ransducers .  This  w a s  necessary to avoid 
a i r  pockets being formed between the mylar and the backing plate .  The 
humidity w a s  monitored with a General Eastern Dew Point  Hygrometer Model 
1200AP. This  uni t  i s  s e n s i t i v e  t o  dew point changes of 0.0278"K and 
measures dew points  to  an accuracy of  0.278OK using a plat inum resis tance 
thermometer sensor with a ca l ib ra t ion  t r aceab le  to  the  Na t iona l  Bureau 
of Standards. 
The circulat ing gas  could be circulated ei ther  through a t r a p   t o  
add moisture or through another to remove moisture as shown i n  f i g u r e  4.1. 
The pump w a s  capable  of  c i rculat ing the gas  a t  a rate of 0.03 cubic meters 
per minute. A t  t h i s  rate the  gas  wi th in  the  sound tube was  completely 
replaced about every 8 minutes. 
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Experience was required to  determine the best  technique for  es tab-  
l i sh ing  the  des i red  humidi ty  wi th in  the  tube .  Typica l ly ,  d ry  air  was  
f i r s t   i n t r o d u c e d   i n t o  the system and dry air absorption measurements were 
made. N e x t ,  t h e  air w a s  c i rculated through the humidif ier  for  a few 
seconds t o  add moisture. Then t h e  t r a p s  were closed off  and t h e  by-pass 
valve opened and the  gas  c i r cu la t ed  from f i f teen  minutes  to  one  hour  
while the humidity w a s  monitored. The process was r epea ted  un t i l  t he  
desired humidity was establ ished within the tube.  The dew poin t  w a s  
again determined a t  t h e  end of t he  measurements which usually required 
from 3 1 / 2  t o  4 hours. The experimental dew poin t  was assumed t o  b e  
the  average  be tween the  in i t ia l  and f i n a l  dew points.  Their average values 
and the  va r i a t ion  du r ing  the  measurement are g iven  in  Table  5.1. 
4 2  TEST PROCEDURE 
The l a r g e  amount of r epe t i t i ve  expe r imen ta l  da t a  to  be  t aken  d i c t a t ed  
the establishment of a d e f i n i t e  test procedure. This w a s  as follows: 
Sound source and microphone transducers were moved t o   t h e i r   o u t e r -  
most pos i t ions ,  uncover ing  the  f low por t s  in  the  tube  walls. 
A part icular  equi l ibr ium temperature  and relat ive humidi ty  con- 
d i t i o n  w a s  set i n   t h e  sound tube as described in Section 4.1.3. 
Flow w a s  stopped through sound tube and the transducers moved 
inward past  the flow ports.  
F i r s t  of  four  effect ive tube lengths  for  which absorpt ion data  
were taken at each temperature-humidity condition was set. The 
tube length was set by pos i t i on ing  the  sound source at d i f f e r e n t  
l oca t ions  wi th in  sound tube. 
Atmospheric absorption data for each individual frequency was 
taken as desc r ibed  in  4.1.2. After s u f f i c i e n t  b u r s t s  were generated 
t o   s a t i s f y  statist ic requirements the next frequency w a s  set and 
the procedure repeated unt i l  data  for  a l l  57 discre te  f requencies  
between 4 and 100 kHz were obtained. 
The second effect ive tube length w a s  set by repos i t ion ing  the  
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sound source and procedure described under e) repeated. 
g).  Steps d) and e) were repea ted  fo r  t he  o the r  ,,two e f f e c t i v e  
tube lengths .  
h )  Af t e r  da t a  fo r  a l l  four  eEfect ive tube lengths  were obtained, 
'. . i -both t ransducers  were moved to  the i r  ou termost  pos i t ions ,  f low 
. reestabl ished through dew point hygrometer t o  o b t a i n  a n  "end 
of test" reading of humidity. 
i )  A new temperature-relative  humidity  condition was set and t h e  , 
whole procedure repeated. 
The number-of bursts analyzed for each frequency varied from 10 t o  2000. 
The'ncimber.of sinewaves generated on each burst w a s  a funct ion of  the 
frequency and varied from 25 sinewaves per burst a t  4 kHz t o  1000 sine- 
waves per  burs t  a t  100 kHz. 
Measurements were f i r s t  made a t  each temperature in dry a i r .  Then 
the range of humidities from 10 t o  90% were covered a t  each temperature. 
Generally the measurements a t  a particular temperature took about one 
week and proceeded from 10 t o  90% R.H. Before the temperature w a s  changed 
the system w a s  pumped  own and fresh gas introduced. Before adding water 
an abbreviated check run was made on the  dry  air .  In appendix A. 2 a com- 
par ison is made between the resul ts  of these dry air check runs and the 
o r ig ina l  d ry  a i r  values.  
4.2.1 Signal  Handling Procedure 
The tone burst  generator produced a series of  tone bursts  and the 
echo pat tern of  these bursts  w a s  cont inuously digi t ized and added i n  
memory. Data acqu i s i t i on  time w a s  set a t  2 seconds for high frequencies 
and long burst  length and 10 seconds for low frequencies  and.short  
burst  lengths .  
The s i g n a l  from t h e  microphone passed from a B & K 2612 cathode 
foldower t o  a PAR preamplif ier ,  then to a f i l t e r  and on to  the  ana lyze r .  
P r i o r  t o  t e s t i n g ,  a n  a n a l y s i s  was  made of the  Four ie r  components of t h e  
tone  bu r s t s  as a funct ion of  the tone burst  length and t i m e  between bursts. 
This  ana lys i s  ind ica ted  tha t  a narrow but variable band p a s s  f i l t e r  c o u l d  
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be used to  pas s  the  f r equenc ie s  o f  i n t e re s t  and reduce the noise. Tests 
showed t h a t   i f   t h e  3 db band width of the f i l t e r  w a s  maintained more 
than 4/to, where t is t he  l eng th  o f  t he  bu r s t  i n  s econds ,  t he  f i l t e r  
would produce a negl igible  rounding of  the edges of  the square burst  
envelope.  Therefore ,  the pass  band of  the f i l ter  w a s  made as narrow 
as poss ib le  by se t t i ng  bo th  the  low frequency and high frequency cut 
off  a t  t h e  test frequency. 
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The data  acquired by the multichannel analyzer was analyzed by 
t h e  PDP-11 us ing  loca l ly  deve loped  sof tware  wr i t ten  in  BASIC. These 
measured values  of the amplitude of the waves i n  t h e  echo bursts  were 
analyzed as discussed later and the  r e su l t i ng  va lues  of t he  sound absorp- 
t i on  p r in t ed  ou t  w i th  a teletype t e rmina l  w i th  f ina l  r e su l t s  ou tpu ted  on 
paper tape. 
In  add i t ion  to  the  acqu i s i t i on  of da ta  assoc ia ted  wi th  the  absorp t ion  
measurement, t h e  PDP-11 had an i n t e r f a c e  t o  a Hewlett-Packard 2901A 
Input  Scanner and 2401C Integrating  Digital   Voltmeter.   This  enabled 
the  acqu i s i t i on  and storage of da ta  re la t ing  to  the  tempera ture ,  the  
frequency, and the pressure for  each absorpt ion measurement. 
Figure 4 . 4  i l l u s t r a t e s  t h e  c h a r a c t e r i s t i c  decay of t h e   i n i t i a l  and 
r e f l e c t e d  b u r s t s  i n  a s ingle  echo pat tern.  The average amplitudes of 
t h e  s i n e  wave i n  each echo burst are labeled A1, A2, A3, ... , A i n  t h e  
diagram. These amplitudes must be measured accurately i n  o r d e r  t o  d e t e r -  
mine the  va lue  of sound absorption. A t  h i g h  f r e q u e n c i e s  t h e  i n i t i a l  
burs t  is quickly absorbed, but a t  low frequencies and temperatures a 
longe r  t r a in  of r e f l ec t ed  bu r s t s  from each generated burst i s  observed. 
n 
The most accurate  method of measuring the amplitude of each tone 
burst  envelope would be a measurement of the peak amplitude of each 
s i n e  wave i n  t h e  b u r s t .  A technique used in  nuc lea r  pu l se  ana lys i s  was 
adap ted  to  th i s  t a sk .  The amplitude of the peak height of each s ine 
wave was sampled, converted to a d i g i t a l  v a l u e  and s t o r e d  i n  memory by t h e  
Canberra Basic Quanta System ( the  mult ichannel  analyzer  with the PDP-11 
computer in te r faced) .  The technique for  analog to  digi ta l  conversion 





Figure 4 . 4  Part A is a diagram  of  the  oscilloscope  trace  of  an  echo 
decay  pattern.  Part B shows  how  the  echoes  separate  and 
decrease  in  amplitude  as  the  speaker-microphone  separation 
is  increased. 
signal to a digital  value,  and  its  storage  in  one  to  1024  channels of 
memory,  each  channel  representing a distinct  value  of  amplitude.  Each 
sinewave  amplitude  was  stored  as a count  in  the  channel  representative 
of  its  amplitude  value.  The  accumulation of counts  in  the  different 
channels  allowed  the  determination f the  mean  amplitude  of  each  wave 
burst.  The  unique ADC and  sampling  process  associated  with  this  multi- 
channel  analyzer  allowed  each  sine  wave  in  each  tone  burst  to  be  sampled 
with  0.1%  resolution  for  frequencies  up  to 60 kHz.  Because  the  data 
acquisition  and  storage  time  was  dependent  on  the  channel  addressed, 
above 60 kHz  it  was  not  possible  to  count  every  pulse  and  retain  1024 
channel  resolution.  We  chose  to  use 1000 channels  and  count  alternate 
sine  wave  peaks  for  the  pulses  addressed  in  channels 500 to 1000. At 
100 kHz with a 5 millisecond  tone  burst,  each  burst  represented  the 
acquisition  and  storage  of 500 counts. 
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4.2.2 Data Analysis  to  Obtain Measured Absorption Coefficients 
The data  output  used in  obtaining the absorpt ion can be understood 
by consider ing f igure 4.4. This  f igure  d isp lays  the  decaying  sound 
b u r s t  as indica ted  by  the  vol tage  coming out of the microphone. The . . ' 
electronic system discussed above enabled us to measure the average 
ampli tude of  the s ine waves i n  each reflected burst .  These amplitudes 
are labeled A (X 1, A2(x1), A (x ) , . . . , A (x ) i n  t h e  diagram. The 
sound b u r s t s  were i n i t i a t e d  by t h e  sound source  in  one  end of t h e  sound 
tube a t  a r e p e t i t i o n  rate d i c t a t e d  by t h e  r i n g  time for  the decaying 
bu r s t .  A t  high frequencies where the absorption is l a r g e  o n l y  t h e  f i r s t  
received burst  w a s  detected and t h e  r e p e t i t i o n  rate w a s  high. A t  t h e  
lowest humidities and frequencies  the absorpt ion was so low t h a t  up t o  
a hundred echoes were necessa ry  to  ex t ingu i sh  the  bu r s t  and i n  this  
case t h e  r e p e t i t i o n  rate had to be decreased correspondingly.  
1 1  3 1  n 1  
A s  the separat ion between the sound source and microphone is 
increased ,  the  echo  burs t s  separa te  in  time and decrease i n  amplitude 
as shown i n  f i g u r e  4.4. If the ampli tudes of  the different  echo bursts  
as a function of the distance between the sound source and the micro- 
of  the  n th  burs t  as a funct ion of x is 
where 
A i s  the amplitude of the sound wave a t  the  source ,  
0 
a is t h e  t o t a l  a b s o r p t i o n  c o e f f i c i e n t  i n  n e p e r  p e r  u n i t  l e n g t h  
and 
B is the  r e f l ec t ion  coe f f i c i en t  fo r  t he  ends  o f  t he  tube .  
Unless the surfaces of the microphone and speaker were c a r e f u l l y  
a l i g n e d  p a r a l l e l ,  i n t e r f e r e n c e  e f f e c t s  were observed a t  high frequencies 
that  caused the echo decay pat tern to  be non-exponent ia l .  This  w a s  
a t t r i b u t e d  t o  a v a r i a t i o n  i n  p h a s e  i n  t h e  wave across  the  sur face  of  the  
l a rge  t r ansduce r  t ha t  r e su l t ed  from the wavefront making an angle  with 
the  t ransducer  sur face .  S ince  th i s  angle  w a s  doubled with each reflection, 
a t  high frequencies, where the wavelength was a small f r ac t ion  o f  t he  
28 
I 
tube diameter, a var ia t ion  in  a l ignment  of  a few thousands of a centimeter 
caused very not iceable  effects  on the decay pattern.  The decay pat tern 
w a s  a l s o  v e r y  s e n s i t i v e  t o  c o n c e n t r a t i o n  and temperature  gradients  in  
the tube,  evident ly  due to  the effect  such gradients  had upon the shape 
of the wavefront and hence the variation i n  phase  across  the  sur face  of 
the transducer.  C I  
In  o r d e r  t o  minimize the error  introduced by t h i s  phenomena, a t  high 
frequencies (40 t o  100 kHz) the  absorp t ion  w a s  obtained from t h e  v a r i a t i o n  
of t h e  i n i t i a l  bu r s t  he igh t  w i th  d i s t ance .  In  th i s  case n is  set equal 
t o  1 i n  equation 4.1 and 
A1(x) = A e , -ax 
0 
thus  the  absorp t ion  coef f ic ien t  w a s  obtained from the slope of t h e  p l o t  
of log(A1) vs  x. 
A t  t h e  lower frequencies ( 4  t o  40 kHz) the  absorp t ion  w a s  so small 
t h a t  t h e  a t t e n u a t i o n  of t h e  sound i n  a s ing le  t r ansve r sa l  of the tube 
w a s  i n s u f f i c i e n t  t o  measure accurately. A t  these frequencies the absorp- 
t i o n  w a s  obtained from t h e  v a r i a t i o n  of the decay constant of t h e  echo 
p a t t e r n  w i t h  d i s t a n c e .  I n  t h i s  c a s e ,  from equation 4.1, 
and a is 1/2 t he  s lope  of t he  log  of the decay constant when p lo t t ed  as 
a funct ion of d i s tance .  For th i s  purpose  - the  da ta  acquis i t ion  PDP-11 
w a s  programmed t o  c a l c u l a t e  a decay constant a t  each posit ion by making 
a least s q u a r e s  f i t  t o  t h e  peak highs in  the  decay ing  bu r s t s .  Measure- 
ments were genera l ly  made a t  1, 2,  3 and 4 meter separation between the  
speaker and microphone and stored i n  t h e  computer u n t i l  t h e  end of t he  
run. The absorpt ion values  calculated by the  two methods were then 
ca lcu la ted ,  p r in ted  out  and punched  on paper tape.  Generally,  the two 
methods agreed over the central range of frequencies. A l ack  of agree- 
ment i n  t h e  t w o  methods w a s  found t o  be a good indica t ion  tha t  equi l ibr ium 
condi t ions had not been established i n  the  tube  before  measurements began, 
i n  which case  the  da t a  w a s  r eacqu i red  a f t e r  e s t ab l i sh ing  su i t ab le  equ i l ib -  
r ium  conditions.  
The computer program used to  acqu i r e  and analyze the data  is given 
i n  Appendix B . l .  29 
4,3 CORRECTION FOR THE TUBE 
Kirchhoff (ref. 17)  i n  the  1860 ' s  worked ou t  t he  theo ry  fo r  t he  
absorption of sound i n  a c i r c u l a r  t u b e  due t o  v i s c o s i t y  and thermal 
conductivity.  However, the': analytical  equation which he developed for 
t he  tube  abso rp t ion  f a i l s  when t h e   r a t i o  of the  tube  d iameter  to  wave- 
length becomes la rge .  We have developed a numerical s o l u t i o n  t o ' h i s  
basic  equat ion for  the propagat ion constant  ( ref .  18) and applied it 
i n  t h e  p a s t  t o  measurements a t  low pressure ( ref .  19) .  Here, the  same 
so lu t ion  w a s  used to  ge t  the  absorp t ion  due  t o  tube w a l l  Losses. The 
r e s u l t s  of t h i s  c a l c u l a t i o n  are compared t o  measured va lues  in  a rgon  
i n  f i g u r e  4.5. The measured absorption should be the sum of t h e  f r e e  
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Figure 4.5 Comparison  of  Measured  and Calculated Absorption i n  Argon. 
The sol id  curve is ca lcu la ted  from a numerical  solution of the 
Kirchhoff equation for sound absorption in a c i rcu lar  tube .  
(See reference 19.) 
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space  absorption (a ) and  tube  absorption  (a ). The f ree   space  
f . 8 .  tube 
absorption, which is the  des i r ed  r e su l t ,  is the  d i f f e rence  between t h e  
upper and lower curves i n  f i g u r e  4 .5 .  Clearly,  measured values a t  high 
frequency are lower than those expected from this theory. Since the 
f ree  space  absorp t ion  for  a rgon  can be r igorously computed ( re f .  20), t h e  
problem must be  in  the  tube  co r rec t ion  term. Figure 4 . 6  shows simi-lar r e s u l t s  
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Figure 4 . 6  Comparison  of  Measured  and Calculated Absorption i n  Nitrogen. 
The sol id  curve is t h e  sum of  the  c lass ica l  losses ,  ca lcu la ted  
from a numerical solution of Kirchhoff's equation and the 
rotat ional  re laxat ion absorpt ion assuming a ro ta t iona l  re lax-  
ation frequency of 313 MHz 
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d i f f e rence  between computed and measured t o t a l  a b s o r p t i o n  is much less. 
This is i n  p a r t  due t o  t h e  f a c t  t h a t  n i t r o g e n  h a s  a g r e a t e r  f r e e  s p a c e  
absorption (with respect to the tube losses) which can be accurately pre- 
dicted.  A more important  difference,  however, is probably the longer wave- 
length which resul ts  from t h e  l a r g e r  sound ve loc i ty  in  n i t rogen .  F igu re  4.7 
shows the  e r ror  in  the  absorp t ion  assuming a l l  t h e  e r r o r  is due t o  t h e  c a l c u -  
l a t i o n  of tube absorption. 
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Figure 4.7 The Frac t iona l  Er ror  in  the  Theore t ica l  Tube Correction as 
a Function of the Reciprocal of the Sound Wavelength f o r  t h e  
25.4 cm Diameter Tube. S o l i d  l i n e  is given by ( a  
a theor) /a tube = O.O~W/X)~*' ,  when X is i n  cm. 
meas 
- 
It can be seen that  for  a given wavelength the error is r e l a t i v e l y  
independent  of gas and temperature .  This  feature  suggests  that  the 
source of  error  is in the decreased wavelength encountered a t  high 
frequencies and a l so  sugges ts  a means of  cor rec t ing  the  measured absorp- 
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t ion  fo r  t ube  lo s ses  in  the  absence  of an accurate  technique of com- 
pu t ing  tha t  term. The cor rec ted  tube  absorp t ion ,  then ,  is w r i t t e n  as 
where 
a =  t c  
tube a 
- 
and, X = 
a .  = a [1.0 - O.O14(1/X) 3.1, t c  tube 
I " 
corrected tube absorpt ion,  db/meter  
tube absorption calculated using the numerical  solution 
t o   t h e  wave equation, db/meter 
wavelength i n  em. 
The free space absorpt ion can be computed as 
a = a  - a  f s  meas t c  
where 
a = measured absorpt ion in  db/meter .  meas 
(4.4) 
db / m e t  er (4.5) 
The computer program used t o  c o r r e c t  t h e  measured absorp t ion  to  f ree  
space condi t ions is g iven  in  Appendix B.2. The free space absorpt ion is  
argon computed using equation (4.5) is shown i n  f i g u r e  4.8. 
It should be noted that  the different  symbols shown i n  f i g u r e  4.8  
represent  da ta  taken  three  months apa r t .  The speaker diaphram w a s  replaced 
between these  measurements. We conclude,  therefore,   that   the  tube  absorp- 
t i o n  was independent of minor day t o  day v a r i a t i o n s  i n  t h e  system. 
The use of  an empir ical  correct ion introduces the possibi l i ty  that  
at least p a r t  of  the correct ion term could actually be compensating for 
an  inaccuracy in the procedure used t o  ca l cu la t e  sound absorption. For 
example, i f  t he  ro t a t iona l  r e l axa t ion  f r equency  used i n  t h e  p r e d i c t i o n  pro- 
cedure w a s  too low, the experimental  points a t  high frequency should f a l l  
below p red ic t ion .  S imi l a r ly ,  i f  t he  v i scos i ty  assumed for  argon w a s  
too high, the experimental  results would f a l l  below predicted values .  
Actua l ly ,  these  bas ic  phys ica l  p roper t ies  are known qu i t e  accu ra t e ly ,  
however, i n  o r d e r  t o  i n s u r e  t h a t  e r r o r s  i n  t h e s e  q u a n t i t i e s  o r  some 
unident i f ied  term i n  the  f ree  space  absorp t ion  was no t  r e spons ib l e  fo r  
the observed discrepancy, a new tube w a s  constructed.  
The second tube w a s  a smaller scale replica of the primary tube.  
It w a s  110 cm long and  5.715 c m  inside diameter.  Figure 4.9 shows 
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Figure  4.8 The Free  Space  Absorption  of Sound I n  Argon.  The da ta  
represented by t h e  x's were taken November 19, 1975, and 
those represented by 0 ' s  were taken February 16, 1976. 
The sol id  curve i s  the  c l a s s i ca l  f r ee  space  abso rp t ion  
due t o  v i s c o s i t y  and thermal conductivity. Measured values  
were corrected by equation (4.5). 
experimental measurements made i n   t h e  new tube with ni t rogen and argon 
along with the theoret ical  curve with no empir ical  correct ion.  A t  h igher  
frequencies,  the systematic deviation between measured and ca lcu la ted  
to ta l   absorp t ion  is now absent.  It is c lear ,   therefore ,   tha t   the   d i screp-  
ancy observed i n  t h e  l a r g e  t u b e  is associated with the tube diameter and 
does not  represent  an error  in  the method used t o  compute f r ee  f i e ld  abso rp -  
t ion.  This conclusion is fu r the r  subs t an t i a t ed  by t h e  measurements made 
i n  t h e  small tube shown i n  f i g u r e  4.10. I n  t h i s  f i g u r e ,  t h e  a b s o r p t i o n  
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FIRST  SET A 
SECOND  SET 0 
ARGON AT 297.6'K (76'F) - 
1 NITROGEN AT 298.5"K (77.6"F) - FIRST PEAK SLOPE 0 - THEORETICAL INE 
I I l l  
IO 
FREQUENCY(kHz1 
Figure 4.9 Absorption i n  Argon  and Nitrogen Measured Using the Smaller Tube. 
(110 cm long x 5.715 cm inside diameter)  
measured i n   t h e  small tube  in  d ry  a i r  conver ted  to  f ree  f ie ld  condi t ions  
with no empir ical  correct ion term i s  compared t o  t h a t  measured i n  t h e  l a r g e  
tube corrected with the empirical  term. The excellent agreement indicates 
t o  us  tha t  t he  empl r i ca l  co r rec t ion  is j u s t i f i e d  and accurate .  In calcu- 
l a t i n g  atubes fo r  bo th  the  small and large tube the '  energy and t angen t i a l  
momentum accommodation coe f f i c i en t s  fo r  a rgon  were taken from the litera- 
t u r e  as 0.7 and 0.9 respec t ive ly .  The corresponding values for N2 and 
air  were assumed t o  b e  0.6 and 0.8. The unce r t a in ty  in  these  va lues  
produces a n e g l i g i b l e  e r r o r  i n  t h e  c a l c u l a t e d  a tube' 
35 
1.0 
- IO. - - - 
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299.8.K (80.F) LARGE  TUBE  WITH EMPIRICAL - 
CORRECTION 
x 297.6-K  (76.F)  SMALL TUBE WITH NO EMPIRICAL - 
CORRECTION 
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Figure 4.10 The Free Space Sound Absorption i n  Dry Air as Measured 
I n  Two Dif fe ren t  S i z e  Tubes.  Large  tube: 480 c m  long 
x 25.4 cm I . D . ;  small tube: 110 cm long x 5.715 cm I.D.  
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5 DISCUSSION OF EXPERIMENTAL RESULTS 
5 , l  PURE TONE RESULTS 
Graphs  and  computer printouts of measured pure tone absorption i n  
db/m corrected for tube effects are given in Appendix A . l .  Also included 
are the predicted values calculated using the computational technique 
described in section 3 .2 .  A typical graph is given here as figure 5.1. 
Figure 5 . 1  Sample Measured  and Predicted Absorption Coefficients 
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The  most  striking  feature  of  figure  5.1  and  the  figures  in  Appendix  A.l 
is  the  excellent  agreement  between  predicted  and  measured  absorption. A 
more  careful  examination  will  disclose  some  differences  which  will  be  dis- 
cussed  in  this  section.  The  general  agreement  between  theory and experi- 
ment  is  very  satisfying  since a great  deal  of  effort  was  involved  in  develop- 
ing  the  equations  in  Section 3.2. It is  also  satisfying  that  the  experiment 
suggests  some  slight  improvements  to  this  theory. 
l 
The  original  plan  called  for  measurements  in 10% relative  humidity 
increments  from 0% to  saturation.  In  order  to  provide a ready  compari- 
son  to  calculations,  it  was  decided  to  express  all  relative  humidities 
in  terms of the  relative  humidity  which  would  be  measured  over  water. 
At  low  temperatures,  the  actual  relative  humidity,  which  one  would  mea- 
sure  with  an  instrument  such  as a dew  point  hygrometer,  would  be  that 
over  ice.  There  is a significant  difference  here, so one  must  be  careful 
when  defining  this  term.  We  chose  to  follow  the  customary  practice  of 
using  the  vapor  pressure  of  water  to  compute  relative  humidity.  Therefore, 
at  low  temperatures,  it  was  not  possible  to  achieve 80 or 90% relative 
humidity  because  these  humidities,  calculated  from  the  vapor  pressure  of 
water,  correspond  to  greater  than 100% relative  humidity  when  the  vapor 
pressure  of  ice  is  used.  In  addition,  at  saturation  conditions  the 
acoustic  signal  was  very  noisy  and  was  not  very  ,stable  with  time.  For 
this  reason,  some  of  the  measurements  at  saturation  were  omitted.  Enough 
were  made,  however,  to  insure  that  the  absorption  continues  to  vary  as 
expected.  Other  omissions  in  the  data  in  Appendix  A.l  consist  of a few 
individual  frequencies  where  the  measured  value  contained  an  obvious  error, 
and  some  low  frequency  and  low  humidity  values  where  the  absorption  was so 
small  that  the  measured  values  were  deemed  unreliable.  The  actual  exper- 
imental  grid  of  dew  points  in O K  is  given  in  table 5.1. These  were  the 
values  actually  read  from  the  dew  point  hygrometer.  The  experimental  dew 
point  was  taken  to  be  the  average  of  the  dew  point  measured  at  the  beginning 
of the  run  and  the  value  measured  after  the  data  had  been  collected  (approx- 
imately  three  hours  later).  The  deviation  between  the  average  dew  point  and 
beginning  or  final  values  are  also  given  in  table  5.1  as  the  uncertainty. 
These  dew  points  are  expressed  as  relative  humidities  in  table  5.2. 
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266.5  242.910.3  249.510.2  254.1t0.Z  257.2t0.1  259.410.1  261.4t0.2  263.110.2  264.7t0.1  266.2t0.1 
Table  5.1  Experimental Dew Point  Grid 
Actual R e l a t i v e  Humiditv  Grid 
Table 5.2 Experimental  Relative  Humidity  Grid 
A careful examination of the experimental  data  in  Appendix A w i l l  
r evea l  a systematic difference between measured absorption and t h e  
pred ic t ions  of  the  equat ions  in  Sec t ion  3.2. This difference is most 
not iceable  a t  10% relative humidity  and a temperature of 299.9 OK. This 
d i f fe rence  is beyond the range of experimental  scatter. On f i r s t  exami- 
nat ion,  w e  f e l t  t h e  d i f f e r e n c e  w a s  poss ib ly  due  to  an  e r ror  in  humidi ty  
so several  of  the runs were repeated. The second runs removed some d i s - ,  
crepancies and  confirmed  others.  For  example, as discussed in  the fol low- 
ing sect ion on experimental  error ,  a poin t  by point comparison of the 
da t a  a t  299.9OK and 10% RH taken on March 22, 1976, with that  taken on 
May 21, 1976, showed an average difference of 0.006  db. We conclude that the 
difference between experiment and theory is real and t h a t  some improvement is 
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requi red  in  the  pred ic t ion  procedure .  The v a r i a t i o n  o f  t h i s  d i f f e r e n c e  
with humidity leads us to conclude that the problem is i n   t h e  oxygen 
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Figure 5.2 Comparison  of Experimentally Obtained Values of the Relaxation 
Frequency of Oxygen i n  Air as a Function of Absolute Humidity 
(h) with Predicted Values from Equation 3.11. 
relaxation frequency of oxygen, f r , O *  using equation 3.11 and the  va lues  
determined i n   t h i s   s t u d y .   I n   o r d e r   t o   e x t r a c t   v a l u e s   o f  f from t h e  
experimentally measured absorption, the experimental points were f i r s t  
cor rec ted  for  tube  e f fec ts  to  g ive  the  f ree  f ie ld  absorp t ion .  Then t h e  
c l a s s i ca l  abso rp t ion  and ni t rogen vibrat ional  re laxat ion absorpt ion,  
computed as descr ibed  in  Sec t ion  3.2, were subt rac ted  f rom the  f ree  f ie ld  
absorp t ion  leaving  the  absorp t ion  due  to  the  v ibra t iona l  re laxa t ion  of 
r , O  
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Figure 5.3  Comparison  of  Experimentally  Obtained  Values  of  the  Relaxation 
Frequency of Oxygen i n  Air as a Function of Absolute Humidity 
(h) . See f i g u r e  5.2 f o r  symbols list.  
oxygen. F ina l ly ,  t he  oxygen relaxat ion absorpt ion w a s  computed using 
equation  3.16  with  several  values  of f above  and  below the   va lue  from 
equation 3.11. The value  of f which  gave t h e  smallest standard  devia- 
r , O  
r , O  
t i o n  between predicted and measured relaxat ion absorpt ion w a s  taken to  be 
the   co r rec t   va lue   fo r  f a t  that  humidity.  These  values are g i v e n   i n  
r , O  
f i g u r e  5.2. It can  readi ly  be  seen  tha t  a t  high values  of  the absolute  
humidity, h, equation 3.11 p r e d i c t s  a re laxa t ion  f requency  s igni f icant ly  
higher than that measured here. A t  lower humidities or temperatures where 
the re  ex i s t  p r io r  expe r imen ta l  measurements, the agreement i s  q u i t e  good. 
A t  h igh humidi t ies  and temperatures ,  the vibrat ional  re laxat ion of  oxygen 
is s h i f t e d  upward i n  frequency t o  where i t  is  a small p a r t  o f  t h e  t o t a l  
absorption hence there is no no t i ceab le  d i f f e rence  between experiment 
and theory as shown in  the  g raphs  o f  Appendix A. It w a s  n o t  p o s s i b l e  i n  
t h e  time a l l o t t e d   t o  modify the equat ions in  Sect ion 3.2 accordingly.  
This modification w i l l  b e  made i n  t h e  f o l l o w i n g  months and t h e   r e s u l t s  
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pub l i shed  in  the  open l i t e r a t u r e .  T h i s  d i f f e r e n c e  w i l l  a lso be brought  
t o  t h e  a t t e n t i o n  f o  t h e  S1-57 Working Group so that  modifications can 
be incorporated in the proposed ANSI standard.  
5 2  ERROR ANALYSI s 
There are several poten t ia l  sources  of  e r ror  in  the  exper imenta l  
measurements. These include an error i n  dew point ,  an error  in  f requency,  
an  e r ro r  i n  p re s su re ,  an  e r ro r  i n  t empera tu re ,  e r ro r  i n  l eng ths ,  e r ro r s  
due to  gas  impur i t ies ,  and e r r o r  i n  a b s o r p t i o n  measurement. Each of 
these  terms w i l l  be  examined below, however, i t  w i l l  be shown t h a t  e r r o r s  
i n  t h e  measurement of t hese  quan t i t i e s  is small compared t o  e r r o r s  n o t  
d i rec t ly  assoc ia ted  wi th  these  def inable  parameters .  
Dew point:  The dew point could be read with the dew point hygrometer 
t o  wi th in  0.,06"K. The platinum resistance thermometer in the hygrometer 
has a ca l ib ra t ion  t r aceab le  to  the  Na t iona l  Bureau of Standards and is 
accura t e  to  wi th in  +O.O6OK. The dew point  w a s  measured before  and af te r  each  
run. The d e v i a t i o n  o f  t h e  i n i t i a l  and f i n a l  dew poin ts  from the average 
provides the best  measure of changes i n  dew poin t  wi th  t i m e  and hence error 
i n  t h e  dew poin t .  In  order  to  de te rmine  the  e f fec t  the  devia t ions  l i s ted  
i n  Tables 5.1 and 5.2 would have on t h e  measurements, the average relative 
humidity w a s  replaced by the m a x i m u m  devia t ion  from the average and t h e  
predicted absorption, as shown i n  t h e  t a b l e s  of Appendix A, w a s  recomputed. 
The difference between the absorption predicted a t  the average relative 
humidity and tha t  p red ic t ed  fo r  t he  maximum devia t ion  from the average 
was t aken  to  be  the  maximum e r ro r  i n  abso rp t ion  which might have r e su l t ed  
from a n  e r r o r  i n  dew point  measurement. I n  a l l  cases, t h i s  e r r o r  was 
less than 7 %, a quantity which is smaller than  the  s i ze  o f  t he  da t a  
po in t s  i n  F igu re  5.1. 
Frequency: The frequency w a s  simultaneously measured with a GR 1192 
Frequency Meter and an HP Digital  Voltmeter .  In  a l l  cases, the frequency 
was within 0.2% of the target  f requency as l i s t e d  i n  t h e  T a b l e s  i n  
Appendix A. A 0.2% er ror  in  f requency  will lead to approximately 0.2% 
e r r o r  in absorption. This error w a s  only encountered a t  the lowest  f re-  
quency (4 kHz) and w a s  equal ly  probable  in  e i ther  d i rec t ion .  Therefore ,  
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er rors  in  f requency  could  g ive  a t  most a 0.2% scatter i n  t h e  d a t a  at 
4 kHz. A t  100 kHz, t he  e r ro r  i n  f r equency  w a s  completely negligible.  
Pressure: The pressure was  measured on a mercury manometer  and 
monitored with a Texas Instrument Company quartz-bourdon pressure gauge. 
The pressure readings were good t o  a few tenths  of  a percent.  However, 
the pressure var ied over  the course of-measurements  by about  0.5% due t o  
t h e   v a r i a t i o n  i n  temperature  of  var ious par ts  of the gas handling system 
and t o   t h e  change i n  volume of the system when the speaker  moving rod 
w a s  moved i n t o  and out  of  the sound tube. I n  some cases, when adding 
water vapor the pressure occasionally w a s  allowed t o  go above atmos- 
pheric  by about 4%. Even so, this  var ia t ion could produce only a 
few t en ths  of a percent change i n  the absorpt ion.  
Temperature: The temperature w a s  monitored by nine thermocouples 
equally spaced along the outside of t he  sound tube. A t en th  thermo- 
couple of the same type (Copper-Constantan) w a s  placed in  an insulated 
Dewer along with a ca l ib ra t ed  thermometer. The temperature a t  each 
loca t ion  w a s  read each t i m e  the  t ransducer  separa t ion  w a s  changed. The 
reading on the thermocouple i n   t h e  dewer was compared to  the  r ead ing  on 
the standard thermometer and always found t o  b e  w i t h i n  .4O K. This 
led us to conclude that the thermocouple accuracy was  f .4' K. The 
temperature  var ia t ion over  the sound path w a s  never  greater  than 1°K 
and general ly  less than 0.25OK. Based on t h i s ,  w e  conclude  tha t  the  
e r ro r  i n  t empera tu re  w a s  less than 0.7OK with a corresponding error  in  
absorption of less than 0.7%. 
Distance: The measurement  of t h e  change i n  d i s t a n c e  between the  
speaker and microphone need be made only to an accuracy of a few mi l l i -  
meters i n  o r d e r  f o r  t h e  d i s t a n c e  measurement to  in t roduce  neg l ig ib l e  
error  in  the absorpt ion.  This  accuracy w a s  eas i ly  obta inable  wi th  a 
w e l l  c a l ib ra t ed  meter s t i c k .  E r r o r  i n  t h e  d i s t a n c e  measurement, therefore ,  
con t r ibu ted  neg l ig ib l e  e r ro r  t o  the  r e su l t s .  
- Gas Puri ty:  The gas   pur i ty  w a s  c a r e f u l l y   c o n t r o l l e d   i n  a l l  measure- 
ments. The gas used f o r  t h e  measurements w a s  Matheson u l t ra -h igh  pur i ty  
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air. The l is ted  composi t ion is as follows:  Nitrogen 78.084%, Oxygen 
20.946%, Argon 0.934%. Carbon dioxide 0.033%, rare gases 0.003%.  The 
dew poin t  is l i s t e d  as 213.7'K m a x i m u m  and the hydrochrbon level as less' 
than  0.1 p.p.m. The system w a s  pumped  own t o  6.67 N/m and leak  . . ' 
checked before introducing the test gas. The  combined l eak  and out- 
gassing rate w a s  less than 1.33 N/m per minute. Near t h e  end o f ,  2 
the experiment a leak  w a s  d i scovered  in  the  co ld  t rap  tha t  allowe'd some 
ethylene glycol  (ant i f reeze)  into the system. This  material has a low 
vapor pressure and should have a n e g l i g i b l e  e f f e c t  upon the absorpt ion.  
Runs t h a t  might have been influenced by t h i s  material were repeated to  
e l iminate  errors . that  might  have resul ted.  
2 
- The Absorption Measurement: The accuracy  of  the  absorption  measure- 
ment depended only upon t h e  l i n e a r i t y  and s t a b i l i t y  of t h e  microphone 
and a s soc ia t ed  e l ec t ron ic s .  Th i s  l i nea r i ty  w a s  e a s i l y  checked by 
measuring the decay constant of t he  echo decay pattern with different 
sound l e v e l s .  ( I f  t h e  e l e c t r o n i c s  were l inear the  decay  constant 
should be independent of sound amplitude.) No cons i s t en t  va r i a t ion  from 
l i n e a r i t y  w a s  observed i n  t h i s  check. The s t a b i l i t y  of  the  e lec t ronics  
was checked pe r iod ica l ly  by r e p e a t i n g  i n i t i a l  measurements a t  t he  end 
of a run.  These tests el iminated non-stabi l i ty  and non- l inear i ty  in  
t h e  e l e c t r o n i c s  as a source of apprec iab le  e r ror  i n  t h e  r e s u l t s .  
G e n e r a l l y  t h e  s i g n a l  t o  n o i s e  r a t i o  w a s  so g rea t  as t o  eliminate 
noise  as a f ac to r .  Only a t  high humidities where the transducer output 
decreased or  a t  very small absorptions,  where the decrease in amplitude 
between ref lect ions was very small, was t h e r e  any problem i n  r e s o l v i n g  
accurately the heights of the various peaks.  
This discussion of error i n  definable parameters sets an upper limit 
of e r r o r  i n  t h e  a b s o r p t i o n  a t  approximately 1%. This figure can be com- 
pared with the difference between measured values. As expla ined  in  the  
sec t ion  on experimental procedure, measurements were f i r s t  made on dry 
a i r  a t  each temperature and then later (sometimes as much as 5 months 
la ter)  abbreviated check runs were made on dry a i r  each time fresh gas  
w a s  introduced into the system. A poin t  by point comparison has been 
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made between the check runs and the or iginal  runs i n  Appendix A.2. The 
next to  the  bot tom row i n  Table A.2.1 gives the average percentage dif-  
f e r e n c e   i n   t h e  measured values a t  each temperature, counting a l l  d i f f e r -  
ences as posi t ive.  This  can be taken as a measure of the accuracy of an 
ind iv idua l  measurement. The bottom row i n  t h i s  t a b l e  g i v e s  t h e  a v e r a g e  
percentage difference,  count ing this  difference negat ive when the second 
value is l a r g e r  t h a n  t h e  f i r s t .  The v a l u e s  i n  t h i s  row, therefore ,  are 
a measure of the  cons is ten t  e r ror .  tha t  might  resu l t  from long term changes 
i n  c a l i b r a t i o n .  We consider  these two  rows t o  b e  "worst case" values 
s i n c e  t h e  a b s o r p t i o n  i n  d r y  air  is small and the check runs were sometimes 
made before temperature equilibrium was  w e l l  es tabl ished.  
I n  making check runs one of the runs repeated w a s  a t  299.9'K and 10% 
RH. The f i r s t  w a s  made on March 22 and the second on May 21. A point  
by point comparison of these measurements is given in  Table  A.2.2 i n  t h e  
appendix. These two runs were made on different gas samples,  before and 
a f t e r  t he  d i scove ry  and correction of the ethylene glycol leak, and before 
and after t h e  measurements with the small tube. Even with these changes 
and time lag,  the examinat ion of  the data ,  point  by poin t ,  shows an average 
d i f f e rence  of approximately 1% i n  t h e  t o t a l  a b s o r p t i o n  measured a t  the in-  
d iv idua l  f r equenc ie s .  Th i s  d i f f e rence  in  the  two sets of data w a s  too 
small t o   p l o t  on a 299.9'K/10% RH curve   in  Appendix A. 1. 
Probably the largest  source of  error  is not  accounted for  in  the 
above analysis and arises due to a departure of the sound from plane 
wave propagation. A s  already mentioned, the response of the micro- 
phone was very  sens i t ive  to  changes  in  the  shape  of the wavefront and t o  
the  angle  the  wavefront  made wi th  the  la rge  t ransducer  sur face .  A t  t h e  
highest  frequencies,  the wavelength w a s  only a few millimeters long and 
such changes produce interference effects across the surface of the t rans-  
ducer.  In addition, a t  cer ta in  f requencies  on occasions the echo pulses 
were not square. An examination of the pulse showed an i n t e r f e r i n g  wave 
overlapping par t  of t he  pu l se  and extending into the region between pulses.  
This phenomena w a s  i n t e rp re t ed  as being due to  t ransverse or  higher  order  
v i b r a t i o n a l  modes within the tube,  and sometimes could be associated with 
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an air  pocket between the mylar and the backing plate on e i t h e r   t h e  
microphone or speaker.  We can conclude that  temperature  gradients ,  
concentrat ion gradients  and alignment l imitations probably are the  p r i -  
mary source of experimental error. These effects produce disturbances 
in  the shape of  the wavefront  that  cause changes in  the microphone 
response  tha t  fa r  exceed  tha t  due  s imply  to  the  var ia t ion  in  the  sound 
absorption. Such e r r o r s ,  however,  should  be random from run to  run.  
E r r o r s  a t t r i b u t e d  t o  t h e s e  e f f e c t s  were s u f f i c i e n t l y  l a r g e  t o  w a r r a n t  
repea t ing  par t  o r  a l l  of only 1 2  out  of 113 runs.  The runs repeated for  
t h i s  purpose were: ( a l l  w r i t t e n  as OK/% RH) 266.5"/30%,  266.5"/50%, 
272.0°/20%,  268.7"/10%,  268.7"/20%,  268.7"/30%,  283.2"/10%,  283.2"/20%, 
283.2"/30%,  283.2"/40%,  294.3'/10%, and 305.4"/80%. The check  runs 
eliminated some obvious errors  but  reveal  no change i n  t h e  c a l i b r a t i o n  of 
t he  sys t em o r  cons i s t en t  e r ro r  i n  the  o r ig ina l  da t a .  The rest of t h e  
t a b l e s  and f igu res  of Appendix A . l  contain data  with only minor e d i t i n g  
t o  remove obvious errors.  
Tube Corrections:  One of t he  most d i f f i c u l t  problems i n  any experi-  
mental e f f o r t  t o  measure low frequency sound absorpt ion is the  co r rec t ion  
for  secondary effects .  The tube method used here was chosen because, hope- 
ful ly ,  the only secondary effect  that  would have to be considered would be 
the  w a l l  l o s ses  and these  cou ld  be  r e l i ab ly  t r ea t ed  theo re t i ca l ly .  A s  d i s -  
cussed in  the experimental  sect ion,  over  most of the frequency range this  
proved to  be  the  case .  A t  the high frequency range (60 to 100 kHz) a small 
empir ical  term w a s  developed to  b r ing  the  theo re t i ca l  t ube  lo s s  i n to  ag ree -  
ment wi th  exper imenta l  resu l t s .  In  order  to  insure  tha t  the  tube  losses  
were being correct ly  calculated by t h i s  method, a small tube w a s  constructed 
and used t o  measure  absorption i n  argon, nitrogen and air. With t h i s  t u b e  
no empir ical  t e r m  w a s  necessary and the  f ree  space  absorp t ion  measured with 
this  tube agreed with the high frequency values  measured us ing  the  l a rge  
tube  ( see  f igures  4.9 and 4.10). 
O f  course,  the accuracy of the free space absorption measurements is 
dependent upon the accuracy with which the tube correct ion can be made. 
The accuracy of t h i s  c o r r e c t i o n  is e s p e c i a l l y  c r i t i c a l  a t  the  smal les t  
values  of absorpt ion shown i n  t h e  f i g u r e s  i n  Appendix A. A t  4 kHz, f o r  
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example, the  tube  absorp t ion  is appmximately 0.15 db/m. As s e e n  i n  t h e  
f i g u r e s , t h i s  is 50 times the  f ree  space  absorp t ion  i n  dry a i r .  Therefore, 
any e r r o r  i n  t h e  t u b e  c o r r e c t i o n  o r  t h e  measurement causes  an  e r ror  50 
times as g rea t  i n  the  r epor t ed  f r ee  space  abso rp t ion .  A t  higher humidities 
and f r equenc ie s  th i s  r a t io  is much more favorable and over most of t h e  
range the tube and f ree  space  absorp t ion  are the  same order of magnitude. 
To obta in  a check on the accuracy of the  tube  cor rec t ion ,  w e  examined 
t h e  measurements in  dry  n i t rogen  s ince  th i s  gas  c lose ly  approximates  a i r  
and in  th i s  gas  the  f r ee  space  abso rp t ion  is accura te ly  known, being due 
only t o  t h e  classical e f f e c t s  of v i scos i ty  and thermal conductivity plus 
a small cont r ibu t ion  due  to  ro ta t iona l  re laxa t ion .  ( In  th i s  f requency  
and tempera ture  in te rva l  v ibra t iona l  re laxa t ion  absorp t ion  is  neg l ig ib l e  
in  n i t rogen . )  The computer  program for  the  numer ica l  so lu t ion  for  the  
tube absorpt ion plus  the empir ical  term was used to  co r rec t  t he  abso rp t ion  
measurements in  n i t rogen  to  f ree  space  condi t ions .  The average difference 
between these  measured va lues  cor rec ted  to  f ree  space  condi t ions  and t h e  
theore t ica l  f ree  space  absorp t ion  d iv ided  by the tube absorption w a s  
taken as a measure  of the  percentage  e r ror  in  the  tube  cor rec t ion .  This  
comparison between t h e o r e t i c a l  and measured va lues  in  n i t rogen  g ives  an  
average error of 0.2% in  the  tube  cor rec t ion  in  the  f requency  in te rva l  
4 t o  25 kHz and 0.6% in  the  f requency  in te rva l  from 25 t o  100 kHz. 
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6 CALCULATION OF ATMOSPHERIC  ABSORPTION FOR BANDS OF NOISE 
6 J  ANALYSIS 
6.1.1 Known, Source Spectrum 
The measurements and theory described in  the  p rev ious  sec t ions  
considered the absorpt ion of  a pure tone.  In  pract ical  appl icat ions,  
i t  is  more common to encounter  a f i n i t e  band  of noise. Therefore, a 
procedure is required which will a l low the  pure  tone  resu l t s  to be 
applied to propagation of bands. The band loss is defined as t h e  
difference in  decibels  between an integral  over  f requency of t h e  power 
spec t r a l  dens i ty  a t  the source and an integral  over  the same band a t  
the  receiver.   Defining 
3 
w a t t s l m  
where 
*i 
= band power f o r   t h e   i t h  band 
W(f) = acous t ic  power spec t r a l  dens i ty  
Ti(f) = transmission function of t h e  f i l t e r  (0 t o  1) 
and 
f = acous t ic  f requency  in  Hz, 
the  band l o s s  ALi i n  db becomes, 
ALi = -10 loglo  (Bi(R)/Bi(0)) db (6.2) 
where 
Bi(R) = band power f o r   t h e   i t h  band a d is tance  R from 
the source 
Bi(0) = band power f o r  t h e  i t h  band a t  the source.  
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The sound pressure,  P, a t  a d i s t ance  R from a source with sound pressure 
P can  be  wr i t ten  as 
0 10-aR/20 
P =  
0 
newt /m2 ( 6 . 3 )  
where 
a - pure  tone  absorp t ion  coef f ic ien t  in  db/m 
R = propagat ion dis tance in  meters 
and spreading losses have been ignored. Spreading losses can be added to 
t h e  f i n a l  r e s u l t  w i t h o u t  l o s s  of generali ty.  Since the acoustic energy is  
proport ional  to  the square of  the rms pressure amplitude, 
W(f,R) = W(f ,0)10- a R /  10 j o u l e d m  ( 6 . 4 )  3 
where W(f,O) = energy density at frequency f a t  the source,  joules/m , 
s o  t h e  band l o s s  ALi becomes 
3 
ALi = -10 loglo Ern W(f.O)Ti(f)10 d f /  (" W(f,O)Ti(f)df,  db. ( 6 . 5 )  -aR/10 
0 0 
h e  t o  t h e  complex form of a ( f ) ,  equa t ion  ( 6 . 5 )  can not be evaluated in 
closed form  even for simple functions W(f,O) and T ( f ) .  In  o rde r  t o  
eva lua te  ALi, then,  numerical   integration is required.  Therefore,  evaluation 
of band l o s s  becomes merely the performance of this  numerical  integrat ion 
for  the required condi t ions.  
i 
It is informat ive  to  set up the numerical problem in a way t h a t  makes 
the  resu l t s  easy  to  in te rpre t .  This  can  be  done by wr i t ing  W(f,O), Ti(f) ,  
and 1 0   i n   t h e  form  (f / f  1' where f is a reference  frequency and q is  
a constant   to   be  determined.   In   this  form, the  in t eg ra l s  i n  equa t ion  ( 6 . 5 )  
can be divided up i n t o  small segments over which q i s  constant. This pro- 
cedure al lows one to  ident i fy  the important  propert ies .of  ALi. 
-aR/ 10 
j j 
While s e t t i n g  up this  procedure,  we w i l l  assume t h e  band is a f r ac t ion  
of  an octave in  width so t h a t  
where 
i+1- - center frequency of the i+l band, Hz 
fi= center  f requency of  the i th  band,  Hz 
and 
r = frequency ratio between band centers .  
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We w i l l  f u r t h e r   d i v i d e   t h e   i t h  band i n t o  b segments by defining a set of 
f requencies  in  the  band 




f = a geometrically spaced frequency in the i th band, HZ 
f i  = center frequency of the band, Hz 
j 
b = number of segments into which the band is divided. 
This procedure is i l l u s t r a t e d  i n  f i g u r e  6 . 1 .  
with Constant Slope 
t 
Attenuated 
with Conetant Slope 
v SpeCtr". Level 






Figure 6.1 I l lustrat ion of  Segmentat ion of  the i th  Band f o r  
Integration of Attenuated Spectrum Level 
The band l e v e l  L o f  t h e  i t h  band can be written as i 
= 10  loglo /" W(f,O)Ti(f)10 -aR/10 Li df/Wrefy  db  (6.8) 
0 
and 
Ti(f) = t h e  f i l t e r  r e s p o n s e  f o r  t h e  i t h  band 
Wref = a rb i t r a ry   r e f e rence  power. 
I f  w e  l e t  L be  the  band level a t  the source,  then i o  
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db . 
By  comparison  to  equation ( 6  .!j), 
ALi = L i - Lie, db . (6.10) 
Over a finite  band,  the  source  spectrum  W(f,O)  will  generally  vary.  If 
the  variation  takes  the  form  of a sharp  spike  then  narrow  band  analysis 
is required.  However,  if  the  variation is smooth  over a band,  then a 
constant  slope  for  the  input  spectrum  will  be a reasonable  approximation. 
In  this  case,  the  spectrum  level $ for  any  band  with a center  frequency 
f can  be  written  in  terms of the  spectrum  level L of  any  other  band  with 
center  frequency f as 
k i 
i 
L~ = Li + 10m  loglo  (fk/fi) db . (6.11) 
The  term m serves  to  characterize  the  slope  of  the  source  spectrum  which 
is  assumed  to  be  independent  of  frequency. If one  writes  the  energy  density 
at  any  frequency,  f,  as 
W(f) = W(fi) (f/fiIrn', jou1es/m3 ( 6  12) 
then  for a fractional  octave  band  filter  it  can  be  shown  that m' = m - 1. 
For a fractional  octave  band  filter,  if m' = 0, then  the  source  consists  of 
white  noise  and  the  spectrum  level  will  increase  for  successive  bands  at 
a rate  of  10  db/decade  since  the  filter  increases  in  width  as  the  center 
frequency of the  filter  increases. If m = 0, the  fractional  octave  band  spec- 
trum  level  will  remain  constant  (pink  noise)  but  the  energy  density  must  de- 
crease  with  increasing  frequency.  (For a fixed  bandwidth  filter,  m' = m.) 
We  are  concerned  here  with  fractional  octave  band  filters  where  m' = m - 1. 
If  one  plots  spectrum  level  versus  log  f,  10m is the  slope  of  the 
line,  i.e.,  when  f/f  varies  by 10, L changes  by  10m.  The  slope of the 
input  spectrum  level,  then, is 10m  db/decade.  Over a single  bandwidth  the 
slope  is  given  by 
i k 
SB = 10m log(r) = 10(m' + l)log(r) db/(band)-'. (6.13) 
It i s  generally  more  meaningful  to  specify S the  input  spectrum  slope/ 
band  and  then  compute  an  effective  value of m over  the  bandwidth  using 
B' 
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I II I I  
equation (6.13).. ,SB f o r   t h e   i t h  band can be found -from the source spectrum 
level by taking the difference between the level f o r   t h e  i + 1 band and 
t h e  i - 1 band and d iv id ing  by two. 
So f a r  we have considered only the change i n  t h e  s o u r c e  l e v e l  w i t h  
frequency. Next cons ider  the  change  in  absorp t ion  coef f ic ien t  a with 
frequency. Following the suggestion of L. C. Sutherland, we w i l l  represent  
the absorption by a func t ion  which  var ies  l inear ly  wi th  log  f ,  i.e.., 
where 
A(fj)  - 10-a(fj)R/10 = atmospheric  transmission a t  f 
j 
f = the lower frequency of some band  segment 
j 
n = a constant to be determined. 
Taking  the  log  of   both  s ides ,  
10 
o r  
-a(f)R = -lOn loglO(f/fj)  - a ( f j )R  db 
n = [a ( f )R - a(f .)Rl/(lO loglo ( f / f j ) > -  
J 
I f  t h e  band is div ided  in to  b constant percentage segments, from 
equation (6.7). 
Using equation (6.16) for the j th segment of t he  band, 
[a(f .+l)  - a( f . ) ]R 
n =  







A s  was done fo r  t he  s lope  of the input spectrum, i t  is use fu l  t o  de f ine  
a slope of  the at tenuat ion curve,  SA, as 
SA = 10n  log  ( r ) ,   db/octave.  10 (6.19) 
However, i n  t h i s  case, SA is  not a constant over the width of the band. 
S is a measure of how rap id ly  the  a i r  absorpt ion is changing over the 
total  propagat ion path.  
A 
The only t e r m  remaining in equation (6.5) which must be considered 
before  evaluat ing ALi is Ti(f). There are two cases which w i l l  be con- 
s ide red  in  de t a i l  he re :  
52 
Case I1 - Perfec t  1/3 octave band f i l t e r  
Ti = 1 otherwise 
I f  w e  had chosen to  def ine  the  bandpass  as f > fi(lO) 
t h e   r e s u l t   o v e r  a single band,would differ from those based on equation 
(6.20) by approximately .04 percent.  
+. 05 t o  f < fi(lO)., , -.05 
Case 112 - ANSI Class I11 1/3 octave band f i l t e r  (minimum limits) 
Ti = 1 f o r  9 f i/10 I f s 10  fi/9 
Ti = (8/13 + 2500(f/fi - f i / f )  ) for   f i /5  < f < 9 fi/10 
and 10 fi /9 < f < 5 f i  
6 -1 1 (6.21) - 
Ti 
10-7. 5 f o r  f < f i /5  or f > 5 fi.  
Most real ana log  f i l t e rs  c lose ly  approximate  Case i12, an ANSI Class 111 
f i l t e r ,  w h i l e  d i g i t a l  f i l t e r s  come c l o s e r  t o  Case 111. We w i l l  again f ind it 
convenient  to  write t h e  
where 
T j ( f )  = t h e  f i l t e r  funct ion a t  some frequency f i n   t h e   j t h  segment 
f . = lower frequency for the j t h  segment 
J j 
J 
T(f .) = f i l t e r  f u n c t i o n  a t  f 
k = constant  to  be determined.  
Using t h e  same procedure as before,  k is t h e  f i l t e r  r o l l  o f f  per  decade 
[T(f   /T(f . )  I 
(10/b)1ogl0r 
k = loglo ’ -, db/decade  (6.23) 
and 
= -lOk l o g  r db/band  (6.24) 10 
g i v e s  t h e  f i l t e r  r o l l  o f f  p e r  band. One must be  carefu l  wi th  the  s igns  
here  s ince the s ign on both k and SF w i l l  change a t  fi.  Below f k is 
always  negative (or zero)  and  above f it is always  posit ive (or zero). 
i’ 
i’ 
Using  equations  (6.1)’  (6.4), .(6,..12),  (6.14) and (6.22),   the  attenuated 
band power o v e r  t h e  j t h  segment i s  
f 











n =  




source  energy  density  at  f.=  WCf.)[r -1/2  r  (j-l)/blm’ 
J 1 
slope  parameter  of  input  spectrum  (equations  (6.12),  (6.13)) 
slope  parameter  of  attenuation  curve  (equation  (6.18)) 
slope  parameter  of  filter  function  (equation  (6.23)) 
atmospheric  transmission  function  at f (equation  (6.14)) 
j 
T(f .) = filter  transmission  function  at f (equations  (6.20)  or  (6.21)). 
J j 
Evaluat’lng  the  integrals  in  equations  (6.25)  and  (6.26)’ 
B.(R) = A(f .)T(f  :)W(f 0) (m-n+k)-  (r  (m-n+k)/b-l)f.  watts/m3 for m-n+k # 0 
J J J j’ J 
or  (6.27a) 
for  m-n+k = 0 
and  (6.27b) 
B. (0 )  = T(f  .)W(f 0) (m+k)-l(r(m+k)/b-l)f.  watts/m 3 
J J j’ J 
for  (mtk) # 0 
or  (6.28a) 
for  m=k = 0 
where  (6.28b) 
m = m’ + 1 = one  tenth  of  the  slope  of  the  input  spectrum  level/decade  as 
defined  by  equat.ion  (6.11).  The  band loss AL. from  equation  (6.5)  can  now 
be written  as 
1 
b b 
ALi = -10 log 1 B. (r)/ 1 €3. ( O ) l ,  db (6.29) 
j-1 J j=1 J 
Evaluation  of  (6.29)  using  (6.27)  and  (6.28)  constitute  the  numerical 
integration of (6.5)  for  this  case. It should  be  noted  at  this  point  that 
for  the  ANSI  Class  111  1/3  octave  band  filter,  the  sums  in  equation  (6.29) 
must  include  contributions  outside  the  normal  band  limits  since  T(f)  does 
not  sharply  terminate  the  integral  (equation (6.5))  at f ./& and f,& . 
1 
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6.1.2 Known Received Spectrum 
Up t o  t h i s  p o i n t ,  w e  have considered the band loss i n  terms of t h e  
source spectrum. In practice,  however, i t  is of ten  necessary  to  record  the 
spectrum a t  some distance from the source and then reconstruct the 
source spectrum. In this case, the slope of the source spectrum, m, is 
not  known before  correct ing for  a tmospheric  losses .  However, the  theory  
can still  be appl ied by wri t ing a l l  t h e  e q u a t i o n s  i n  terms of the received 
spectrum  slope. L e t  W(f,R) be  the  rece ived  energy  dens i ty .  I f  the  re- 
ceived spectrum has a cons tan t  s lope  over  the  i th  band ,  we can write 
' W(f,R) = W(fi,R) ( f / f i Iqf  (6.30) 
where, as b e f o r e  f o r  t h e  m ' s ,  
W(f,R) = energy densi ty  a t  d i s t ance  R from the  source  a t  frequency f ,  
3 
j oules/m 
f .  = center frequency of the band, Hz, 
1 
and  10 q'  = slope of  energy  density  change/decade. 
I f  w e  wr i te  t he  s lope  of the received level per bandwidth as S ' then B 
SB' = 1Oq l o g ( r )  = lO(q'+ 1) loglor  db/bandwidth  (6.31) 
where 
1Oq = slope of received spectrum level in dbldecade. 
The band loss can now be  wr i t t en  as 
ALi = -10 loglo[ jrn W(f,R)Ti(f)df / /" W(f,R)Ti(f)10 +aR/ 10 df] ,  db (6-32) 
0 0 
s ince  
W(f,R) = W(0,f)lO -aR'10 from  equation  (6.4) 
Using this procedure, equation (6.27) becomes 
o r  
B.(R) = T(f . ) W ( f  R)f . ( l n  r ) / b  
and equation 5.28 becomes 
J J j '  J 
f o r  q + k # 0 (6.33a) 




Bj (0) = - W(f  ,R)f . (In r)/b 
A(fj 1 j J  
f0r.q + n + k = 0 (6.34b) 
In this  case, ALi, the  band  loss  in db can  still  be  found  from  equation 
( 6  2 9 )  
6.1.3 Correcting  to  Standard  Conditions 
So far,  we  have  derived  expressions  for  computing  the  band  attenuation 
when  the  source  spectrum  is  known  thus  allowing  the  received  spectrum  to 
be  computed;  and we  have  done  the  same  for a kn wn  received  spectrum  which 
would  allow  one  to  correct  back  to  the  source.  There  is a third  case 
frequently  encountered.  That is, the  received  spectrum  is  measured  at 
some  temperature  (T)  and  relative  humidity  (RH)  and  we  wish  to  know  what 
spectrum  would  have  been  measured  on a day  with a standard  temperature 
(Tref)  and  relative  humidity  (RHref).  This  can  be  done  be  combining 
equations  (6.5)  and (6.32), 
6 = -10 log 10 [ 0 1“ W(f,R)Ti(f)dflor  W(f,R)Ti(f)10  +a(T,RH)R/lO df I 
(6.35) 
+10 loglo[o~m W(f ,O)Ti(f)lO-a(Tref’mref)R~lodf/o~~ W(f,O)Ti(f)df] 
where 
6 = number  of  db  to  be  added  to  measured  spectrum  to  obtain 
the  spectrum  one  would  have  measured  for  the  same  band 
on a reference  day 
a(T,RH) = pure  tone  absorption  coefficient  in  db/m  at  temperature, 
T,  and  relative  humidity, RH
a(Tref’RHref ) = pure  tone  absorption  coefficient in db/m  at  the  reference 
temperature,  and  humidity,  RHref Tref’ 
and  all  other  terms  have  been  defined. 
Equation  6.35  can  be  simplified  by  recognizing  that 
W(f,O) = W(f,R)10 +a(T,RH)R/lO Y 
to  give 
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(6.36) 
Equation (6.36) is  equivalent  to  first  correcting  the  received  spectrum 
back  to  the  source  to  get  the  source  spectrum  and  then  computing  the  loss 
the  source  spectrum  would  have  encountered  traveling  back  the  same  path  on 
a standard  day.  Actually,  for  the  computations  reported  here,  the  programs 
for  evaluating  equations (6.5) and (6.33) were  merged  rather  than  writing a 
new  program  to  evaluate  equation (6.36)., 
6 I 2 NUMER I CAL I NTEGRAT I ON 
The  results  discussed  in  the  following  sections  were  computed  using 
the  numerical  integrations  of  equations  (6.5)  and  (6.32),  represented  by 
the  values of the B.'s given  in  equations  (6.27)  and  (6.28),  and  (6.33) 
and  (6.44)  respectively.  The  programs  used  for  the  various  calculations  are 
included  in  Appendix B. In  all  cases,  the  programs  are  set  up  to  generate 
tables  for  various  spectrum  (received  or  source)  slopes,  atmospheric 
conditions,  and  filter  types.  The  function, a(f),  is in  all  cases  com- 
puted  from  equation  (3.15).  The  only  approximation  made  was  to  represent 
the  source  spectrum  with a constant  slope.  With  this  assumption  the 
accuracy  of  the  numerical  integration  is  limited  only  by  the  integration 
step  size, b y  (B in  the  programs). A typical  value  of b was 10 which 
gave  results  accurate  to  within +.5 db. On a DEC System  1077  each  loss 





SIMPLIFIED TECHNIQUE FOR ESTIMATING BAND Loss 
often  useful  to  make a rapid  assessment  of  whether,  for  the 
of  concern,  the  difference  between  the  readily  computed  pure 
tone  absorption  coefficient  and  the  more  difficult  to  compute  band  loss 
coefficient  is  significant. A guide  for  such  decisions  can be found  in 
the  following  graphs.  In  figure.6.2  the  difference  between  band  loss 
and  pure  tone  absorption  coefficients  as a function of frequency  is  shown 
for  various  propagation  distances  assuming a perfect  one-third  octave 
band  filter  and a flat  1/3  octave  band  received  spectrum, (sB' = 0). 
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Figure 6.2 Difference  Between  Band  and Pure Tone Loss Coefficients in db  as  a  Function of Propagation 
Distance, R, for  a  Range of Atmospheric  Conditions  (0-100% RH, 263-313'K) and  Frequencies. 
A Flat1/3 Octave  Band  Received  Spectrum  and  a  Perfect  Filter  Were  Assumed, 
The  hatched  areas  represent  upper  and  lower  bounds  corresponding  to  dif- 
ferent  atmospheric  conditions. 
' The  effect of the  source  slope is shown  in  figure 6 . 3  for a propagation 
distance  of 20 meters  and  the  same  range  of  atmospheric  conditions (0-100% 
RH, 263-313OK). It can  be  seen  that  the  shape  of  the  received  spectrum 
slope  does  not  radically  change  the  frequency  at  which  the  band  loss 
correction  becomes  significant  but  does  change  the  magnitude  (and  sign)  of 
the  correction. A similar  family  of  curves  vould  be  applicable to different 
propagation  distances. 
Figure 6 . 4  illustrates  the  differences  one  might  expect  when  using  different 
types of filters. 
I 1  I I I 
~~ 
I O  k 100 k 
FREQUENCY (Hz) 
Figure 6 . 3  Difference  Between  Band  and  Pure  Tone Loss Coefficients 
in  db  for  Several  Received  Spectrum  Slopes  and  Atmospheric 
Conditions. A Propagation  Distance  of 20 meters  and a 
Perfect  Filter  Were  Assumed. 
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Again,  it  can  be  seen  that  the  band  loss  correction  factor  still  becomes 
important  at  about  the  same  frequency,  however,  it  should  be  noted  that 
for  the ANSI Class I11 One  Third  Octave  Band  Filter,  the  correction is 
much  more  dependent  on  the  slope  of  the  received  spectrum. 
If  figures 6.2 through 6.4 illustrate  that  for a large  range  of 
conditions  the  band  correction  is  large  enough  to  be of interest,  one 
of  the  techniques  described  in  the  following  sections may be  used to 
compute  the  band loss  coefficient. 
FREQUENCY (Hz) 
Figure6.4  Difference  Between  Band  and  Pure  Tone Loss Coefficients 
for  Different  Types  of  Filters  and a Range  of  Atmospheric 
Conditions  and  Frequencies. A Propagation  Distance of 
20 meters  and a Flat  Received  Spectrum  Have  Been  Assumed. 
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6,4 USE OF TABLES TO DETERMINE BAND LOSS 
The numer ica l  in tegra t ion  descr ibed  in  sec t ion  6.2 is t h e  most 
accura te  way t o  determine the atmospheric absorption for a band of 
noise.  When it is no t  f eas ib l e  to  r e so r t  t o  numer i ca l  i n t eg ra t ion ,  one 
e f  two techniques can be employed; use of tables or use of cor rec t ion  
graphs. The  band l o s s  w i l l  be a function of relative humidity,  tempera- 
t u r e  and frequency since the pure tone absorption coefficient depends on 
these parameters .  In  addi t ion,  the band l o s s  will vary non-linearly with 
propagation distance since the slope of the air  at tenuat ion curve,  SA, 
var i e s  w i th  d i s t ance ,  and t h e  band l o s s  w i l l  depend on o ther  parameters; 
s lope  of  the  input  spec t rum,  s lope  of  f i l t e r  response ,  and bandwidth of 
t h e  f i l t e r .  I n  a l l ,  t he  band l o s s  i s  a function of seven variables, 
therefore ,  a set of t ab le s  to  span  a l l  possible ranges of the var ious 
va r i ab le s  is  not  prac t ica l .  
Even though a complete set of t a b l e s  is no t  p rac t i ca l ,  i t  is  not 
d i f f i c u l t  t o  d e v i s e  a set which will allow one t o  cover the range of 
va r i ab le s  most f requent ly  encountered  in  the  f ie ld .  A reasonable set of 
variables for high frequency noise propagation would be 
Temperature = 261 to  311°K i n  l O o K  i n t e r v a l s  
Relat ive Humidity = 0, 50, and 100% 
SB = 0,+2, +4 dblband = slope of source spectrum 
SBl  = 0, +2, - 4 ,  -6 db/band = s lope  of received spectrum 
Frequency = 4 kHz t o  100 kHz in  1 /3  oc tave  bands  
Propagation  Distance = 5, 10, 20, 50, 100, 200, 400, 720 meters. 
In  order  to  increase the accuracy of i n t e rpo la t ing  between tables  only 
A ,  a co r rec t ion  f ac to r  t o  be  added to  the  to t a l  abso rp t ion  fo r  a pure tone 
a t  band center ,  is given. One can then obtain the band l o s s  from the equation 
(6.37) AL. = a R  + A db 1 
where 
a is the  pure  tone  absorp t ion  coef f ic ien t  a t  the center frequency 
of t h e  band (see Section 3)  i n  db/m, 
R is the  propagat ion  d is tance  in  meters, 
and, A is the  co r rec t ion  from t h e  t a b l e s  i n  db. 
Programs to  gene ra t e  such  t ab le s  fo r  a Perfect  1/3 Octave Band F i l t e r  and 
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an ANSI Class I11 1 /3  Octave Band F i l t e r ,  d e f i n e d  i n  e q u a t i o n  .6.21, are 
included i n  Appendix B. The program gives the pure tone absorption coef- 
f i c i en t ,  a , , i n  db per  meter, and va lues  of  the  cor rec t ion  fac tor ,  A ,  f o r  
distances mentioned above. Using a set of  tab les  wi th  the  gr id  as above, 
one should be able to determine A t o  one  s igni f icant  f igure  and ALB t o  
two significant f igures.  Tables can also be generated which w i l l  g ive 
co r rec t ion  f ac to r s  fo r  a standard day. A program to generate  tables  of  
t h i s  t y p e  is inc luded  in  Appendix B with abbreviated tables  again given 
i n  Appendix C. 
For appl ica t ion  where a d i f f e ren t  t ype  of f i l t e r  is to  be used,  i t  
is recommended t h a t  t h e  programs be modified accordingly and a new set 
of t a b l e s  be generated. 
6.,5 USE OF GRAPHS TO DETERMINE BAND Loss 
6,5.1 Known Source Spectrum 
When only an estimate of A is  required or  when one is only interested 
in determining how A varies  with the several  parameters  of  concern,  graphs 
of A can be useful. It is most convenient to prepare such graphs with S A 







variables where w e  w i l l  use 
input  spectrum r o l l   o f f   i n  db/band (pos i t i ve  means t h e  
level  increases  with increasing frequency)  = 
slope of a i r  a t tenuat ion curve = [a(fi+,) - a(fi-l)]R/2 
(Li+l  
- Li-l> /2 
band l e v e l  of the next higher frequency band 
band level of the next lower frequency band 
pure tone absorption coefficient a t  the center  f requency 
of the next  higher  band i n  db/m 
pure tone absorption coefficient a t  the center  f requency of 
the next lower band i n  db/m 
propagat ion dis tance in  meters. 
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In  o rde r  t o  f ind  A from  one  of the following graphs, determine S from 
t h e  known source spectrum (or S ' from 'the recorded spectrum) compute 
S as described above and then using these as t h e  o r d i n a t e  and absc issa ,  
l o c a t e  t h e  p o i n t  (SB, S ) on the correct ion graphs.  Next determine  which 
constant  A curve  th i s  po in t  is c loses t  t o .  Th i s  va lue  of A can then be 
used t o  compute t h e  band l o s s  from equation 6.37. Interpolation between 





Graphs as a co r rec t ion  too l  are l imi ted  by the determination of S A 0  
For example, f o r  two d i f f e ren t  d i s t ances  say  5 and R2, the  s lope  of the  
at tenuat ion curve over  the band a t  4 kHz times R might equal  the  s lope  
of  the at tenuat ion curve over  the band a t  40 kHz times R y e t  A could be 




' o r d e r  t o  examine t h i s  e f f e c t  i n  d e t a i l ,  a series of correction curves 
has been developed spanning the range of variables described in the 
sec t ion  on tab les .  
Figure 6.5 was prepared using correct ion factors  computed a t  50 m 
(293OK, O%RH), 100 m (293"K, O%RH), and 200 m (293"K9 O%RH).  Each calcu- 
l a t i o n  a t  a given distance gives a value of A f o r  a p a r t i c u l a r  (SB, 
combination. The t h r e e  separate ca l cu la t ions  gave A within f.2db of each 
o the r .  In  f igu re  6 . 6  the  values  of A were computed a t  d is tances  of 50 m 
t o  400 m a t  293OK and 100% r e l a t i v e  humidity. A comparison of t he  two 
g raphs   i nd ica t e s   t ha t   fo r  a given (S S ) combination, A does  not   di f fer  
more than 1 db over  the total  propagat ion path for  the condi t ions consi-  
dered here. An e r r o r  of 1 db w a s  only noted for extreme values of S 
(-20 db/ 1 /3  octave).  For values of SA more common for  say a 20 meter 
propagation path ('5 db/1 /3  oc tave)  the  cor rec t ion  fac tor  A does not 
vary by more than 0.2 db. One should be careful  when applying these 
resu l t s  for  propagat ion  d is tances  grea te r  than  1000 m. But the  small 
v a r i a t i o n  i n  A no ted  fo r  t he  l a rge  change i n   r e l a t i v e  humidity indicates 
t ha t  u se  of these curves over the temperature range covered by the  g r id  
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SLOPE OF ATMOSPHERIC ATTENUATION CURVE (SA) db/(1/3 Octave Band) 
Figure 6.5 Curves of Constant  Band  Correction  Factor ( A  in db) in 
Terms of the  Slope  of  the  Source  Spectrum  and  Atmospheric 
Attenuation  Curve  for  an  ANSI  Class  I11  1/3  Octave  Band 
Filter  at 293OK and 0% Relative  Humidity. 
5 IO 15 20 
SLOPE OF ATMOSPHERIC ATTENUATION CURVE (SL)db/(l/3 O c t a v e  Bond) 
Figure 6.6 Curves of Constant  Band  Correction  Factor ( A  in db) in 
Terms of the  Slope of the  Source  Spectrum  and  Atmospheric 
Attenuation  Curve  for  an  ANSI  Class  I11  1/3  Octave  Band 
Filter  at 293OK and  100%  Relative  Humidity. 
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It should be noted that  for  SB < -4 db/bandwidth and SA > 20 db/band- 
width,  the sum i n  equation (6.29) i n  many cases does not converge. For 
large negat ive values  of  S and l a rge  va lues  of SA, the  energy enter ing the 
f i l t e r  i n c r e a s e s  more rap id ly  wi th  decreas ing  f requency  than  the  f i l t e r  t rans-  
mississ ion decreases .  Meaningful  resul ts  can only be obtained by using nar- 
rower band ana lys i s .  We can write the condition for convergence mathematically 
as 
B 
s > SA F - 'B 
where SF i s  t h e  r o l l  o f f  o f  t h e  f i l t e r  n e a r  t h e  band edge per bandwidth. 
In  f igu re  6.7 a cor rec t ion  curve  for  a per fec t  1 /3  oc tave  band f i l t e r  
is given. The same e r r o r s  i n  A are encountered but ,  s ince the A's 
SLOPE OF ATMOSPHERIC ATTENUATION  CURVE (SA) d b / ~ 3  Octave Band) 
Figure 6.7 Curves  of  Constant  Correction  Factor ( A  i n  db)  for  a 
Terfect  One Third Octave Band F i l t e r   i n  Terms of Source 
Spectrum Slope (SB). 
are always smaller f o r  t h e  p e r f e c t  f i l t e r  t h a n  f o r  t h e  real f i l t e r ,  t h e  
e r r o r  i n  computing ALi using the correct ion chart  i s  less than 10% for the 
conditions considered here. There is no problem of convergence with the 
p e r f e c t  f i l t e r  s i n c e  SF = 01. 65 
6.5.2 Known Received Spectrum 
I f  a received spectrum is to  be  co r rec t ed  fo r  abso rp t ion  by t h e  
atmosphere, figures 6 . 8  and 6.9 can be used for ANSI Class 111 and 
pe r fec t  l j 3  octave band f i l t e r s  r e s p e c t i v e l y .  The source spectrum can 
be found from the received spectrum using the equation 
Source Band Level = Received Band Level + ( a ( f ) -R  + A )  db 
where 
a ( f )  is the pure tone absorpt ion coeff ic ient /meter  a t  t he  cen te r  
frequency of t h e  band 
R is the  propagat ion  d is tance  in  meters 
and A is t h e   c o r r e c t i o n   f a c t o r   i n  db from f igu re  6 . 8  o r  6 .9 .  
It should be noted that  the source spectrum found in  this  way is  the  
spectrum that would be measured using the same f i l t e r   i f  atmospheric 
absorption was absent.  
Figure 6 . 8  Curves of Constant Correction(A i n  db) f o r  an 
ANSI Class 111 One Third Octave Band F i l t e r   i n  Terms 
of t h e  Received Spectrum Slope, SB' 
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SLOPE OF ATMOSPHERIC ATTENUATION CURVE (SA) db/(1/3 OCtOvr Bond) 
Figure 6.9 Curves of Constant Correction ( A  i n  db) f o r  a Pe r fec t  One Third 
Octave Band F i l t e r   i n  T e r m s  of t h e  Received Spectrum Slope, SB'. 
6.5.3 Example 
A s  an example of the graphical  correct ion procedure,  assume a 
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Figure 6.10 Example Source  and  Received  Spectrum Levels. 
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a microphone is placed 20 meters from the source,  the temperature  is 
293"K, t h e  relative humidity is 50% and the  r ece ived  s igna l  is passed 
through an ANSI Class I11 1/3 Octave Band F i l t e r  w i th  t r ansmiss ion  
charac te r i s t ics  descr ibed  by  equat ion  (6 .21) .  F i r s t  w e  w i l l  c a l c u l a t e  
the  received  spectrum. The appropr ia te   va lues  of S read  from  figure 
6.10, t he  pu re  tone  a t t enua t ion  coe f f i c i en t  fo r  band center frequency, and 
t h e  S computed from the pure tone absorpt ion are summarized i n  t a b l e  6.1. 
B' 
A 
Table  6.1 Band Loss Coeff ic ient  Example Calculat ion for  Source 
t o  Receiver Path. 
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The values  of A were taken from f i g u r e  6 . 6  since an ANSI Class 111 
1/3 Octave Band F i l t e r  w a s  assumed and the source spectrum slope is known. 
The band levels one would measure are given as the Corrected Band Level 
column of t a b l e  6.1 where the  cor rec ted  band level e q u a l s  t h e  i n i t i a l  
band level minus AL5. 
In  order  to  check  in te rna l  cons is tency  and demonstrate further use 
of t he  t ab le s ,  l e t  us now assume we have measured the  cor rec ted  band l e v e l  
given i n   t h e   f i n a l  column of tab le  6 .1  and shown as the received spectrum 
i n  f i g u r e  6.10. Further  assume t h a t  w e  wish Lo correct the spectrum back to 
the  source  us ing  the  same atmospheric conditions and f i l t e r  c h a r a c t e r i s t i c s .  
Actually,  w e  could assume  any condi t ions,  i.e., a standard day, but such 
an assumption would not  a l low us t o  check in te rna l  cons is tency .  The 
received band l eve l s  a long  wi th  the  s lope  of the received spectrum are 
given i n  t a b l e  6 . 2  along with the values  of S and pure tone absorption 
used previously. Values of A ,  t he  co r rec t ion  f ac to r ,  are now taken from 
f i g u r e  6.8 s ince  the  s lope  of the received spectrum i s  known.  The f i n a l  
column i n  t a b l e  6.2 gives the source level  predicted using this  pro-  
cedure.  Note  that i n  each case,  the reconstructed level  equals  the level  
we s ta r ted   wi th .  Hence, the  procedure is in t e rna l ly   cons i s t en t .   I n  some 
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Table 6.2 Band Loss Coefficient Example Calculation for Receiver 
To Source Path 
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7 PREDICTION PROCEDURE 
7,1 RECOMMENDED PREDICTION PROCEDURE 
Although the  equat ion  for  the  re laxa t ion  f requency  of  oxygen, equation 
3.11, varies from values deduced from this work a t  high humidity values, 
the  pred ic t ion  procedure  descr ibed  in  Sec t ion  3.3 for  pure tones agrees  
w e l l  wi th  experimental  resul ts  over  a wide range of temperatures and 
humidi t ies .  Since this  predict ion procedure does agree w e l l  with exper- 
iment, and since it  d i f f e r s  from the  p red ic t ions  o f  AFU"866A by as much 
as a fac tor  of  two, w e  conclude  tha t  the  pred ic t ion  procedure  for  pure  
tones descr ibed in  Sect ion 3.3, more spec i f ica l ly  equat ions  3.15 to  3.19, 
provide the best  method of ca lcu la t ing  pure  tone  absorp t ion  coef f ic ien ts  
a v a i l a b l e  a t  t h i s  time. Further ,  s ince the proposed ANSI S1-57 standard 
f o r  sound abso rp t ion  in  still  a i r  when released w i l l  r e f l e c t  a n  improve- 
ment on the procedure of Section 3.3 as a r e s u l t  of t h i s  work, i t  w i l l  
a t  t h a t  time provide a highly accurate  predict ion procedure.  Unti l  such 
t i m e  as t h a t  document is ava i lab le ,  for  pure  tone  ca lcu la t ions ,  w e  recom- 
mend the use of equations 3.15 through 3.19. 
It is more d i f f i c u l t  t o  make s p e c i f i c  recommendations concerning 
band l o s s  c o e f f i c i e n t s  d u e  t o  t h e  l a r g e  v a r i a t i o n  i n  a c c u r a c y  and complex- 
i t y  involved with the various procedures outlined in Chapter 6. The 
f i r s t   s t e p   i n  any appl ica t ion  should  be  to  consul t  Sec t ion  6 . 3  to  determine 
i f  t h e  d i f f e r e n c e  between the pure tone absorpt ion coeff ic ient  and the 
band l o s s  c o e f f i c i e n t  ( A )  is s i g n i f i c a n t  f o r  t h e  p a r t i c u l a r  a p p l i c a t i o n  
of  concern. I f  no t ,  t he  equa t ions  fo r  pu re  tone  abso rp t ion  in  Sec t ion  3 . 2  
(eq. 3.15 t o  3.19) can be used with the frequency equal to the center 
frequency of the band under consideration. If  the correction ( A )  is  found t o  
be  s ign i f i can t ,  one must choose the graphical correction procedure,  prepar- 
a t ion  of  tab les ,  o r  d i rec t  numer ica l  in tegra t ion .  I f  on ly  a f e w  da t a  po in t s  
are to  be corrected for  a tmospheric  losses ,  the graphical  procedure is 
prefer red  ( f igure  6 . 6  o r  6.7 i f  the source spectrum shape is known, f i g u r e  
6 . 8  o r  6.9 i f  the received spectrum shape is known). I f  t h e  d a t a  are t o  be 
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corrected by hand and the condi t ions a t  which the d a t a  are taken are 
standard,  a set of tables should be generated using one of the programs 
i n  Appendix B, modified to  re f lec t  the  propagat ion  d is tances  encountered  
in  the p a r t i c u l a r  experiment of concern and atmospheric conditions most 
common. I f  t h e  d a t a  is t o  b e  c o r r e c t e d  i n  a computer, direct  numerical  
in tegra t ion  us ing  programs i n  Appendix B and the exact experimental  
condi t ions w i l l  p rovide  the  most accu ra t e  r e su l t s .  
Correct ing data  to  s tandard condi t ions is a more d i f f i c u l t  t a s k  t o  
perform manually s ince  two s t e p s  are required.  When only one spectrum is 
to be corrected,  the received spectrum can be corrected back to the 
source using the graphical technique of Section 6.4.1 and then corrected 
back t o  t h e  r e c e i v e r  assuming reference conditions when computing the  
pu re  tone  abso rp t ion  coe f f i c i en t  ( a )  u s ing  the  r e su l t s  of Sect ion 6.4.2. 
Again, when the experimental  conditions are s tandard,  tables  can be 
generated using the programs i n  Appendix B designed for this purpose. 
O r ,  i f  computer manipulation of the data is s tandard,  the program can 
be used to  cor rec t  ind iv idua l  da ta  poin ts  to  s tandard  condi t ions .  
Correcting for atmospheric conditions when the atmosphere along the 
sou rce  to  the  r ece ive r  pa th  is  not  uniform presents  special  problems not 
addressed  here .  In  addi t ion  to  the  fac t  tha t  the  pure  tone  absorp t ion  
coe f f i c i en t ,  a ,  is not constant along the path, one must a l so  cons ider  
r e f r ac t ion  of t he  sound  and turbulance.  When t h e  l a t t e r  two e f f e c t s  are 
small, the  absorp t ion  of a pure tone along the path i s  a s imple  i n t e g r a l .  
For bands of noise, when the graphs in  Sect ion 6 . 3  i n d i c a t e  t h e  band 
cor rec t ion  is no t  i n s ign i f i can t ,  t he  r e su l t an t  i n t eg ra l  becomes more 
complex and w i l l  r equi re  addi t iona l  s tudy .  
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7,2 COMPAR I SON w ITH ARP-866A 
A d e f i n i t i v e  comparison of ARP-866A predicted absorpt ion values  .with 
those of t h i s  work is complicated by the different ways i n  which t h e  results 
are presented. The absorption predicted by ARP-866A is s a i d  t o  b e  a p p l i c a b l e  
t o  bands of noise ,  ye t :  
(1) the absorption along a pa th  i s  found by multiplying the absorp- 
t i on /un i t  l eng th  by the  to t a l  p ropaga t ion  d i s t ance ,  a procedure known 
t o  be  ana ly t i ca l ly  inexac t  
(2) the  absorp t ion  is independent of the spectrum shape in contrast  
t o  t h e  s t r o n g  .dependence known t o  exist and demonstrated f o r  some cases 
(3) the predicted absorption does not depend  on f i l t e r  shape 
(only on w h e t h e r  t h e  f i l t e r  is a 1/3 octave band o r  a f u l l  o c t a v e  band 
f i l t e r )  . 
Io o r d e r  t o  compare the  two predict ion procedures ,  therefore ,  i t  
is necessary to  choose some common po in t  fo r  comparison. We arb i -  
t ra r i ly -chose  the  propagat ion  d is tance  to  be  10  meters, the  rece ived  
spectrum r o l l  o f f  t o  b e  0 db/ 1/3 octave,  and t h e  f i l t e r  t o  b e  a n  ANSI 
Class 111 One Third  Octave Band F i l t e r .  In  f igu res  6 .11  and  6.12 t h e  
pred ic t ions  of th i s  s tudy  us ing  the  graphica l  cor rec t ion  procedure  are 
compared t o  ARP-866A for  four  representa t ive  humidi t ies  and temperatures. 
It should  be  noted  tha t  the  curve  a t t r ibu ted  to  ARP-866A above 10 kHz is 
an extrapolation based on the procedure out l ined in  ARP-866A, but  it is 
beyond t h e  limits f o r  which t h a t  document is appl icable .  
There are severa l  fea tures  of  these  f igures  which should be noted. 
F i r s t ,  for  the cases  considered,  the difference between ARP-866A and t h e  
procedure recommended i n  t h i s  r e p o r t  i n  some cases d i f f e r  by a f a c t o r  as high 
as two. This  d i f fe rence  is gene ra l ly  l a rges t  a t  high frequencies and i s  
aggravated by t h e  ARP-866A process of computing band l o s s  by us ing  the  
lowest  frequency i n  t h e  band. However, it is  appa ren t  t ha t  t h i s  is not  
the  only  problem wi th  the  pred ic t ions  of ARP-866A as can be seen i n  f i g -  
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Figure 6.11 Comparison of the  Prediction  Band  on  This  Study  With  Those 
of  ARP-866A  Assuming a Propagation  Distance of 10 Meters, 
and  an ANSI Class 111 One  Third  Octave  Band  Filter.  Solid 
line  represents  the  predictions  based  on  the  work  presented 
here;  the  dashed  line is the  prediction of AFP-866A.  The  part 
of  the  curve  below x 10 has  been  displaced  upward  one  decade. 
A complete  comparison  would  require  consideration  of  different 
spectrum  shapes,  propagation  distances,  filter  shapes,  etc.,  but  con- 
sidering  the  rather  crude  computational  technique  employed  in m-866A 
and  the  poor  agreement  with  these  new  results,  extensive  comparison 
with W-866A did not  seem  worth  while  within  this  program.  Information 
available  from  this  report  could  be  used  for  comparison  purposes  with 
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Figure 6.12 Comparison of the  Prediction  Band  on  This Study With  Those 
of ARP-866A  Assuming a  Propagation  Distance of 10 Meters 
and an ANSI Class I11 One  Third  Octave  Band  Filter.  Solid 
line  represents the predictions  based  on  the work presented 
here;  the  dashed  line  is  the  prediction of ARP-866A 
(b) 310.9'K (lOO'F), 80% RH 
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8 CONCLUDING REMARKS 
The  experimental  work  reported  here  along  with  prior  work  at  lower 
frequencies  provide  overwhelming  evidence in support  of  the  prediction 
technique  proposed  by  Sutherland,  Piercy,  Bass,  Marsh,  and  Evans  for 
absorpt.ion  of  sound  in  still  air,  at  least so far  as  pure  tone  absorption 
is  concerned.  At  frequencies  well  above  the  relaxation  frequency  of 
nitrogen  the  proposed  technique  should  provide  reliable  results  at 
frequencies  up  to 1 MHz at  higher  and  lower  temperatures.  Additional 
work  on  the  equation  for  the  oxygen  vibrational  relaxation  frequency 
at  high  humidities is needed  but  this  small  modification  will  only 
slightly  improve  the  excellent  agreement  between  predicted  and  measured 
pure  tone  absorption. 
Attenuation  of  bands  of  noise  is  more  complex.  However,  for  many 
cases  of  interest,  the  difference  between  band  attenuation  and  the  pure 
tone  absorption  coefficient  at  the  center  of  the  band  is  insignificant. 
Experimentally,  the  effect  of a finite  band  width  can  be  reduced  by  using 
narrow  band  analysis, a procedure  which  is  now  feasible  using  digital  filters. 
Extrapolation  of ARP-866A to  frequencies  above  its  stated  limit (10 kHz) 
can  provide  only  qualitative  results. A more  precise  determination  of 
the band loss  requires a knowledge  of  filter  characteristics,  spectrum 
shape  and  propagation  distances. 
Based  on  prior  work  at  different  atmospheric  conditions  and  lower 
frequencies,  the  physical  mechanisms  for  sound  absorption  are  well  understood. 
The  work  presented  here  is  the  first  comprehensive  experimental  documentation 
of  these  mechanisms  in  the  frequency  range 4 kHz to 100 kHz  and  the  only 
quantitative  verification  of  calculations  of  sound  absorption  in  this 
frequency  range.  Based  on  the  quantity  and  quality  of  the  data  presented 
here  and  the  agreement  with  theoretical  predictions, we conclude  that  the 
absorption  of  sound  in  the  frequency  range 4 kHz to 100 kHz,  temperature 
range 255.4'K ( O O F )  to  310.9'K  (lOO°F),  and  any  value  of  relative  humidity 
is  sufficiently  understood  and  documented. 
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APPENDIX A EXPERIMENTAL AND 
A ,  1 F,IGURES AND TABLES FOR 
CALCULATED  ABSORPTION 
PURE, TONE ABSOR.PTION. ., . .  .- j  
. .  
The fol lowing f igures  present  the exper imenta l  resu l t s  of  th i s  
s tudy  a f t e r  co r rec t ing  fo r  t ube  lo s ses .  The experimental  values of free 
f i e ld  abso rp t ion  are given by so l id  poin ts  on  the  graphs .  Theore t ica l  
predictions based on the theory of Section 3.2 are given by t h e  s o l i d  l i n e .  
A t  low humidities,  the absorption values spanned four decades.  In order 
t o  g e t  a l l  t he  da t a  on a single graph with reasonable dimensions,  i t  w a s  
n e c e s s a r y  t o  s h i f t  t h e  p o i n t s  and l i n e  upward one decade a t  frequencies 
below 10 kHz. I n  t h e s e  cases t h e  s h i f t e d  l i n e  is labeled x10 i nd ica t ing  
the .absorpt ion values  shown have been multiplied by 10. 
. .. . :.* 
. .  
76 
P lOUWD IN LIR 
tCLATIVC HUWInII- 0.0 t 
CD hB8 PREDICTED 






















































IS1 0 -0342 
0.0388 













r 4 IO. 
255,4'K (OOF) 
0% RELATIVE HUMIDITY 
1.0 
Y 



















8,3% RELATIVE HUMIDITY 








TCHPGRATURC m255.4 K RELATIVE H U M I D I T Y  = 20.2 I 
ABSORPTION OF SOUND IN AIR 
PRCPUCNCT  HCASURED ABS P R E D I C T E D  






























































































































. 2  
!3  














I 1  
I5 
'6 





























































































































0 . 8 5 0 0  
0.7629 
0.6805 











a. 1771  













0 .0489  
0.0443 























29% RELATIVE HUMIDITY 
1 1 I I I I l l 1  1 I I I I 1 1 1  .a 




' 3  




































CLATIVE HUMIDITY 8 40.4 S 
) ABS PREDICTED 
41 (DB/WI 
I6 





I5 0.16 e7 
I8 
I1 
0 .6864  




0 . 4 8 4 5  
0 . 4 3 5 7  







I7 0 . 2 2 6 4  
0 .2553  
I 1  0 .2036  
13 
is 
0 . 1 8 3 0  
0 . 1 6 4 6  
LO 
15 0 .1336  
0 . 1 4 1 2  
19 0 . 1 2 1 4  
11 
16 0 . 1 0 2 5  
0 .1098  
17 0 . 0 8 8 8  
i9 0 .0824  
19 0 . 0 7 6 2  
17 0 . 0 7 0 4  
13 0 .0649  
i4 
IS 
0 . 0 5 9 7  




'4 0 . 0 4 2 5  




0 . 0 3 5 2  
17 
I6 0.0314 
0 .0333  
19 ' 0.0300 







0 . 0 2 4 8  







SOUND 1 N  A I R  
I .  5 o e 7  
1 .2252  
1.0446 
0 . 9 7 1 5  
0 .  e559  
255,4'K (O°F) 
40,4% RELATIVE HUMIDITY 
1 I I I I I l l l  1 
1.0 I 0. 100. 

















le AI4SOHPTTUX nF SOUllD 1 N  A I R  
FHEOIIENCY 
TEMPFHITIIHE ~255.4 K RELATIVE HUMIDITY I 50.0 % 
(KHZ 1 
MEASURED ABS PREDICTED 
100.0 1.7154 
95.0 1.4702 
90.0  1.3219 




75.0  0.9145 
71.0 
67.0  0.7529 
63.0  0.7250 
59 .0  0.6113 






1. 5 1 4 4  
1.3689 
1.2309 
I .  10C3 
3.5772 






0.4548  0.35 3 
0.4005 




0.3717  0.2854 
0.3471 





0.2547  0.2cs2 
0.2052 o . l e e 7  
29.7 




28 .o 0.1537  0.1352 




0.1162  0.11 55 
0.1167  0.10a2 
22.0  0.0977  0.0944 






0.0693  0.0761 
0.07C5 
11 .o 0.0652  0.0653 
16.0  0.0605 





0.0598  0.051  
0.0557 





































0.0244  0.0258 
4.5 0.0223 













50% RELATIVE HUMIDITY 
1 I I I I 1 1 1 1  I I I I I I L  
FREQUENCY (kHz) 
0 I 0. I (  
m 
W 
TEWPERATURE ~ 2 5 5 . 4  K RELATIVE HUMIDITY 8 39.7 S 




100.0  1.6364  1.52C7 
95.0  1.3911 
90.0 
1.3752 
1.2613  1.2312 
















0,5222 0 .4905  
0.4915  0.4477 





0.3650  0.291R 
40.0  0.3431 









0.1074  7.1766 
29.7  0.1882 
28.0  0.1560 
0.1602 
0.1455 
26.5 0.1324 3.1333 
25.0 O . t l51  
24.0 
0.1218 
22.0  0.0923 
0.1161  0.1145 










0.0799 0. C716 
16.0  0.0663 9.0666 
15.0 0.0617 































0.0359  0.0363 
6.7  0.0336 
0 . C I W  
3.c344 
















4 . 1) 11.n2u11 n.nL"2 n . o > e t  








59,7% RELATIVE HUMIDITY 
f 

















' &  
0 
v) m a 
01 
.... 
1.0 IO. 100. 
FREQUENCY (kHz) 
LE r255 .4  K RELATIVE HUHlDJTY si 70.0 0 
&PSOkPTtUP OF SflUND I N  A I R  
HEAi3bPt.D ABS 
ILiB/hl) 















0.7734 0 .6281  
0.6556 0.5553 
0.5624  3.5039 
0.5410  0.4550 





0,2634  0.2228 
0.2363 
0.1807 






0.1399  0.14Cb 
0.1268 
0.1205  0.1217 
O . l O @ O  
0. IC15 










0.0677  0.0615 
0.0588  0.0587 
0.0533 0 -0561 
0.0496 
0.0518  0.0540 
0 . 0 5 2 0  







0 . 0 4 5 6  
0.0443 
0.0416 0.0430 
0.0429  0.0419 
0.0300 
0.0405 0 .0410  
0.0400 
0.0364  0.0390 
0.0372  0.0383 










n.4919  0.4C89 
n, 4229 0.33 eo 




o . 0699  0 .0647 
0.0308  .0.0355 
4 IO. 
255,4'K (O'F) 
70% RELATIVE HUMIDITY 




ABSORPTION OF SOUND IN AIR 
~EWpERAIURE m260.9 K RELATIVE HUMIDITY 0.0 8 
CRCOUCHCY HCASURED AB8 PREDICTED 
(KHz) tDB/U) tDB/4 ,  
100.0 1.7581 1.5019 
95.0 1.4832 1 - 3 6  19 
90.0  1.3645 
85eO 
1.2224 
1 . 1946 1.0SC4 
80.0 1.0959 0.9660 
0.9413 018491  
11.0 0.9034 0.'/6 10 
67 e 0  0.1431 0.6770 
63.0  0.6955 




50.0 0.4162 0.3778 
48.0 0.3836 0 . 3 4 8 2  
45.0 0.3425 0.3061 
40.0 0.2712 0.2420 
37.5  0.2171 0.212R 
35.4  0.1965 0.1857 
33.4 0.1799 0.1690 
31.5 0.1378 0.1504 






24.0  0.0e22 

























12.5  0.0195 













9.0  0.0126 0.c12q 
8.5 0.0123 0.0116 
8.0 0.0136 0.0104 
75.0 
0. J257  
0.5420 0.4137 
0.4105 014244 





0% RELATIVE HUMIDITY 
FREQUENCY (kHz) 
R 
TEMPFHAlIJHE =26O.Y K HFLITIVE HUMlOlTY = R . 0  % 
F H E ( J ~ ~ E W Y  MRASUHET! P8S Y R E D l C V E I l  
(PHZ) ( l J H / M )  ( I , H  / r.' ) 




1 , S l ~ Y  1.3653 
1 . 2 i t ?  
85.0 l.lBR9 
H0.n 
1. c 5 4 3  
1.0579 0. s c s s  
3. A5 3 0  
1 I ,o 0 . 4 5 1 3  7 .  1649 
67.0 0.7577 
63.0  n.11)20 
0.6817 
9.6033 
59.0 0.6213 n. 52 $7 
5 6 . 0  0.53RO 3.4116, 
AHSflbPTTIJtJ f lF  Sfl[lNl) 1 N  P I P  
1 ,3514  
75.0 n . 9 4 ~ 1  
5 3 . 0  0.5116 0.4293 
50.0  17.1419 0.3817 
4R.0 0.3841 
45.0 0,.3653 0.31C1 
0.3521 








31.5  0.1724  0.1543 
29.7 0.!621 0 . 1 3 7 7  
24.0  0.1323 
26.5 
0 .1279  
0 ,1163  
25.0 
O.llC5 
0.0937 0. c9e9  
24.0 0 . 0 9 5 0  0. o s 1 5  










































0 ,0131  
6.7 
0.0122 









5.. 3 0.0091 
5.0 
0.00~ 
n .006o 0.0084 













7.1  0.0129. 
26019'K (lO°F) 
8% RELATIVE  HUMIDITY 
FREQUENCY (kHz) 
TEMPET(ATUHE X260.9 K RELATIVE V U H I D I T Y  = 1q:R % 
FREOIIENCY MEASUREP PBS FRED1C'TF.D 
ARSOWTTUP~ np s n u w  I N  AIR 
(KHz) I D @ / C )  _(DR/'!l  
100.0 1.7394 1. 52 1.7 
95.0 1.4887 1 . 3 7 4 7  
85.0 1.175L1 I .  1032 
80.0 1.0385 n . 5 7 9 3  
7510  0,96@6 :?. ? 6  17 
6 1 . 0  0.7b28 2 .  b S C 5  
90.0 1.3352  1.2352 
71.0 0.9559 '1.7738 
63.0 n.6831 ').61:1 
59.0 0.5888 J .5385 
53.0 0.4775 0.4372 
5 0 . 0  0.4183 0.399t: 
45.0 0,3424 9.3199 
56.0 0.5049 0.4ec.5 
48.0 0.360b 0.3610 
42.0 0,3165 0 . 7 7 9 5  
40.0 0.2577 9 . Z E 4 P  













n.1272 0 .1194  
24.0 
9.107a 
22.0 0.0851 9.0865 
21.0  0,0813 O . O A O 0  
20.0 0.0740 0. C738 
19.0 0.0667 0. M 7 9  
18.0 0.0598 o .0623 
17.0 0 . 0 5 5 5  9.C571 





9. c430  
13.2 0 . 0 3 1 6  0. c393  
12.5 0.0412 0 .0310  
11.8  0.0314 3.0345 
11.2 0.0321 !l..@324 
10.6 n.0286 0.0304 
10.0 0.0297 0.32 e5 
9 , s  n.0293 n.C.271 
9.0 0.0224 3 -0257  
R.5 0.0286 3. C2 4 3  
8 . 0  0.0232 0.C231 
7.5 n.ozo9 0.0219 
7.1 0.0211 0.r21c 
6 . 3  0.0199 0 , 3 1 " 4  
5 . 9  n.nt73 0.0186 
5.6 0 . 0 1 ~ 3  
5.3  n.t-1173 
5.0 0.0177 0.0171 
4.5 0.0140  0.0164 
4.2 0.0173 O.Olhl) 
4.0 n.nl54  n.0157 
0.1055 
0.1042 '1.1CC4 




19.8% RELATIVE HUMIDITY 
I I I I I 1 1 1 1  I I I 1 I I l l  .01 
IO. IO 0. 
FREQUENCY (kHz) 
[ E  =26U.9 h HFLA'IIVE: HUMlDlTY = 29.4 % 
RRSi lKPTlu~:  IT SOUND IN A I R  
i4EASURCP P B S  PRE@ICTk:I) 
(OP/k:) ( U R / H )  
1.4115 
I .6hh9 1 . * 5 1 2  
I .  3 @ 4 ?  
1.2663 L. 2447 
1.8046 1.1127 
I!, 994 3 3 . 9 8 e 3  
0.7152 3.7003 
q . 7 e 3 3  
0.55bY n.54[10 
0 . ~ ~ 5 s  n. 8714  
0.81730 
0.6420 13.6?16 
n.4795 !) .49c0 
0 . 4 4 ~ 1 )  0 . 4 4 6 6  
0.3925 3.4crn 
0.33lU 0.37 e4 





0 .2440  0.212n 
0 . 2 1 4 7  3 . 1 9 1 2  
11.2025 O . 1 1 7 5  





n.1120 0 ; 1 1 7 2  
0.1044 9.1099 
0.0H95 0.0959 
0 . ! )~64  O . C R 9 5  
0 . 0 6 3 4  0.0833 
0.0791  0.C774 
0.0770 
0.0617 
0. C7 18 
0 .Ob65 
11.17627 O . O G 1 ~  
0.0537 0 . C 5 h R  
11, oss5 0 . 0 5 2 5  
0.0417  0.34c2 
n.0521 
n.0409 0 -0439  
0 . 0 4 t 4  
0.11374 
O.03RP 0.041R 
0.0349 0 . 0 3 7 9  
0.039P 
0.032s 0.03 t 4  
0.0389 
0.0344 0 .C350 


















0.0267  0.0245 
260,9'K (10'F) 
29,4% RELATIVE HUMIDITY 
FREQUENCY (kH3 
.- - 
260,9'K (lO°F) ' 
38,1% RELATIVE HUMIDITY 
" 
I I I I I 1 1 1 1  I I I I 1 1 1  
1 I 0. IC 
FREQUENCY (kHz) 
260,9'K (lO°F) 




59,7% RELATIVE HUMIDITY 
1.0 I 0. 
FREQUENCY (kH3 
260,9'K (10'F) 




ABSORPTION OF SOUND  IN AIR 
TEMPERATURE ~ 2 6 0 . 9  K RELATIVE  HUMIDITY = 78.4 I 
FRCOUENCY 
(KWZ) 
MEASURED ABS PREDICTLD 
IDB/W) (DB/U) 
100.0 1.7404 1.6022 
95.0 i . 4996 1 . 4 5 5 1  
90.0 1 e 3522 1 . 3 1 5 6  
85.0 1.1978 1.1836 
80.0 
75.0 
1.0899 1 .0597  









56.0  0.5298 0 . 5 6 6 7  
50.0 0.S037 0.4.7C7 
4E.O 0.4523  3.4 11 
45.0  0.4203 
42.0 
( r . 3 9 S O  





35.4  0.2776  0.2823 















22.0  0.1524  3.lh4Q 
21 .0 0.1534 0. ~ s ' e ?  
20.0 0.1418 0.151P. 
18.0 
0.1457 
0.1380  '3.1390 
17.0  0.1291 
16.0  0.1240 
3.1341 
'3.12 E7 





0.1048 7. 1 1  46 
0.1113 
11.8  0,1002 0. l0AO 
11.2 n.100) O . l C 5 4  



















0 . 0 8 4 4  
6.3 
n.0blY 
0.0733  0.0792 
5 . 6  n . o 7 J g  Q.0779 
5.3 O.Ob95 0.0713 
5 . 0  
4 . 8  
0.06Gb 
n . 0 ~  
d.5 0.(1587 0.0635 
4.2 0,0618 0.0600 
4 , 1' n.nbo2 0.057b 
5 9 . 0  0.6731 
53.0  0.5572 0.51 74 
0.3m 
3 . 1 9 ~  
19.0 0.1383 
0.1157 ' 3 . l l R 5  
n.1139 




78,4% RELATIVE HUMIDITY 






TEMPYRATIIKE z166.5 k HPLATIVE HUMIDITY = 0.0 % 
H R S O H P T I O ~ ~  !IF SOUND I N  P I R  
FWF(JllEF;CY NEASUREI!  ABS P R E D J r l F D  











1.0585  7.7763 
71 .O 
7s .o  P.99hl 
0.R392 
7 . 0 5 a z  
3. 76S2 
h7 . n  0.7734 '7.6850 
63.1) 
5 9 . 0  
9.6058 
n. 5314 
5 5 . 0  0.5277  0.4788 
s3.0 0 ,4922  7 . 4 7 e 9  
5 0 . 0  0.3937 
49.0  0.3840 
0.3P14 
0.3520 
45.0 0.36nb 7.30$5 
4 2 . 0  0.3468 
40.n 0.2625;  13.2447 







31 .5  
9.17CR 
0 ,1475 










0.0765 0. OCbl  






0.0660 0. ot. PO 
0.0622 O.@hl8 
1R.C) 
0.0541 0 .05ER 













11.8  0.0213 










0 ,0114 0.0131 












6 . 3  0.0006 0.0060 
5 .9  0.0057 
5.6  0 ,0059 
0.0061 
5 .3  
0.0056 
5 . 0  0.0031 
0.0045 0.0051 






0 . 5 1  37 
n. 2677 
7 1  . n  
19.0 
14.0 
n.0202  0.0179 
n.0180 
266,5'K (2OoF) 
0% RELATIVE  HUMIDITY 
1.0 I 0. 
FREQUENCY (kHz) 
266,5'K (20'F) 
9,9% RELATIVE HUMIDITY 
FREQUENCY (kHz) 
TF:rVIpyHAlIlHF: Z 2 6 0 . 5  h HFLAJ'IVE HUrfInlTY = 19.5 P. 
[ K H Z )  ( D R / M )  [ l ) B / q )  
ton.0 1 . A 5 0 2  1.551-  
9 5 . 0  1.6425 1 . 4 l - 2 7  
90.0 1.4483 1.2617 
Rn.0 l.lh27 1. 0026 
74.0 I .0290 3.884'1 
71.0 0.9216 0. 79 54  
6 3 . 0  n.he4.1 3.6?iC 
59.0 1 0 . 5 P l Y  0 . 5 G 7 6  
56.0  0.5493 0.5cc.o 
53.0 n.5022 0 . 4 5 5 2  
513.V 0.4158 
48.0  0.3971 
0. 'to el 
0.37P? 




40.0  0.3414 
7 . 7 9 5 ' 1  
37.5 
n. 77c9 
0.2823 0. 2 4  14 
35.4 0.2308 a. 21 e 1  
33.4 0.2129 7 .  1571 
31.5 0.1958  3.1783
79.7  n.1837  9.1615; 
24.0 1).1618 C. 1465 
2 6 . 5  0.1301  0.1341 
15.0 0.1220 0.1223 
f ins1tHQTTlln  n F  S O l l N D  Lrl 41P 
W FHElJllEhlCY M E A S U R L ~  AHS wm1c'rF I )  m 
A5.0 1.313b 1.12P3 
67.0 0.8042 n. 71 13 
24.0  0.1 139 0.1148 
22.0  0.1142 o:10on 
21.0 0.0994 0 . 0 0 4 2  
zn.0 n.0888 0. o p e 0  




n. 0 5 t e  








1215 0.0460 0.0597 




0.0399  0.0440 
3.0460 
10.0 0.0414 





0 . 0 4 0 6  
0.0392 
8.5 
8 .0  
0.0362 0 .0378  
0.0365 
7.5  0.0337 0 . 0 3 5 3  
7.1 0.0324 0.0344 
6.7  0.03n9 O..OSS$ 
6.3 0.031b  0.0326 
5.9 0.0331 0.0318 

















266,5"K  (20°F) 
19,5% RELATIVE HUMIDITY 
8 
1 
1.0 1 0. 
FREQUENCY (kHz) 
TEMPERATURE m266.5 K R E L A T I V E  HUMIDITY e 30.5 % 
ABS0RPTION.OF SOUND IN A I R  
FREQUENCY  HEASURED ABS PREDICT.ED 
CKHZ) (DB/M) CDWH) 
100.0 1.6564 1.. 5753 
90.0 1.2856 1.2857 
95.0 1 .'4397 1.4267 
85.0 1,1670 1.1523 
80.0 1.0395 I .  0266 
75.0 0.9618 0. S O 8 4  
71.0 0.R993 0.8194 
67.0 0.7682 0.7353 
63.0 0.7764 0.6560 
59.0 0.6475 0.5816 
56.0  0.6020 0.524c 
53.0 0.5692 0.4792 
50.0 0.5213 0.4321 
45.0 0.4443  0.3557 
4e.o 0.4773  0.4022 
40 .O 0.3417'  0.2949 
37.5 0.2919  0.265  
35.4 0.2386  9.2420 
33.4 0.2102  3.2210 
31.5 0,1837 0.2022 
29.7 0.1837  0.1854 
26.0 0,1951 0,1516 
25.0 0.1481 9. 1461 
24.0 
22.0 
21.0  0.1276 
20.0 
19.0 0.1167 3.1051 
1 R . O  0.1060  0.1001 
17.0 0,1010 7.0947 
16.0 0.0961 0. CPS6 



























8.0 0,0662 0. 05E9 
3 .  ? 6 C 3  
7.5 0.0593  0.0574 
7.1 0.0570  0.0563 
6.7 0.0606  0.0551 
6.3 0.0564 0,0540 
5.9 0 . 0 5 1 3  0.0529 
5.6 0.0542 
5.3 0.0505  0.0511 
5 .0  0 . 0 5 0 0  0.0501 
4 .8  0.05R3 0,0494 
4.5 0.0502 0 . 0 4 8 4  
4.0 0.0523  0.0464 










30,5;5 RELATIVE HUMIDITY 
1 I I I l l l l 1  1 I I I I I I lJ.01 
1 0. 
FREQUENCY (kHz) 
: m26v.3 K RELATIVE w w l n l T y  = 39.0 0; 
ARSflkPIT(J~1 nF SOUND I N  A I R  
plEASURED ABS PREOlClEU 
f DB/M) ( 3 R / M )  
1.7110 1 -59 72 
1.5476  1.44P5 














0.6126  0.5010 
0.5571 0.453? 

























0.1219  0.1212 
0 .1157 
0 . l l 1 2  0. l l C S  





0.0894  0.0944 
0.0974 
0.0900 0.0915 















0.0599  0.0672 
0.0638 0.0657 
0.0611 0.0641 
0.0761  0.0629 
0.0586 0.0610 
0.0440 o . o m  
0.0499 0.0573 
0.67e8 
0 . 5 0 ~ 2  
n, 3993 
0.4150 . 





39,0% RELATIVE  HUMIDITY 
a 
I 1 1 I I l l l l  I I I I I I lI:.Ol 
I 0. 100. 
FREQUENCY (kHz) 
8 
AMORPPION Or SOUND IN A I R  
TEMPERATURE R266.5 K RELATIVE HUMIDITY m 10.0 C 






1.7335 1 b 6289 
90.0 











71.0  0.9544 0. e729 
67.0 
63.0 





































9 . 2 1 0 7  
24.0 
O . 1 9 P 3  
0.2116 
22.0  0.1764 
0.14C7 
21 e o  0.1713 






0.1706  0.15A 8
0.1708 






























0.0956  0.0851 
5.3 






















0. O? =-f 
0.093e 
266,5"K  (20°F) 
50% RELATIVE HUMIDITY 
rl 
1 
1 1 I I I I l l l  1 I I I I 1 1 1  .01 
1.0 
-. . IO. 100. - .. . 
FREQUENCY (kHz) 
w ARSflkPTION OF SOUND IN AIR 
8 TF:YF'KRBTIIKE ~ 2 6 6 . 5  K RELATIVE HUMIDITY 59 .7  % 
FRF:(JUEWCY MEASURED ABS PREDICTED 
( K H Z )  (DH/M) 
1on.o 
( O R / r o  
2.0123 
95.0 
1 .  tC.55 
90.0 
1.7846 
1.6096 1 . 3 6 9 9  
1 . 5 1 0 9  




1 .  11C.7 
0 . 9 0 2 5  
71.0  1.1254 7 . 9 0 3 4  
6 3 . 0  0.9258 !I. 7 3 9 9  
67.0  0.9917 9 . 8 1 9 Z  
59.0 0,7984 0 . 6 6 5 4  
56.0  0.7346 9 . 6 1 2 8  
53.0  0.6861 0 . 5 6 2 8  
50.0 
48.0 
0 . 5 1 5 6  





0.5245 9 . 4 0 3 0  
0.4811 0 . 3 7 7 9  
37.5 0.41'6e 0 . 3 4 8 2  
35.4  0 ,3621 
33.4  0.3253 
31.5  0.2917 
29.7 
28.0  0.2691 '7.2520 
26.5  0.2354 0.2392 
25.0  0.2178 
24.0 




0.1898 0 . 2 0 4 4  
21.0 0,1928 
20.0  0.1813 
0 . 1 9 7 4  
19.0 0.1819 O . l e 4 0  
0 .19C6  
10 .0  
17.0 0.1633 0.1715 
16.0  0.1570 0 . 1 6 5 5  





1 0 .  1 5 3 9  
0 . 1 4 9 3  
12.5  0.1352 0 . 1 4 5 2  
11.8 
11.2 
0.1316 0 . 1 4 1 1  
0.1288 
10.6 
0 . 1 3 7 5  
10.0 
0.1259 'I. 1 3 3 7  
0,1235 
9 .5  
0 . 1 2 9 9  
0,1192 0 . 1 2 6 5  












0 ~ 1 0 1 6  0.1072 
0.0976 
6.3 o . 09413 0,1032 0,0909 








0 . 0 ~ 1 6  0.01322 
4.8 o.01304 
4.5 0.0746 
4.2 0 0 0695 




0 . 4 e 5 7  
0 . 3 2 4 6  
0 . 3 c 3 4  
0 . 2 A 4 3  
0.2824 0 . 2 6 7 2  
0.1701 0 . 1 7 7 7  
0.0792 
266,S"K (20°F) 
59,7% RELATIVE HUMIDITY 
FREQUENCY (kHz) 
TEMPERATURE 8266.5 K RELPTIVE HUMIDITY = 69,6 Z 
ABSORPTION OF SOUND IN AIR 
FREQUENCY  MEASURED  ABS PREDICTED 








0 . 9 3 3 0  
0.7591 
0.8825 















0 . 2 2 6 0  
0 , 2 2 4 8  

































1 . 2 6 9 6  
1 . 4 C 3 1  
I .  1438  
1 . 9 2 5 6  
0. e 5 2 2  
O.F365 








' 3 .  4 1 o c  
n. 3sc1 
0.3563 
7 . 3 3 4 3  
0 . 3 1  56 
11.2'tAZ 




0 . 2 2 6 0  
n. 2335 
7.7180 
0 . 2 1 1 9  
'I. 2048 
' ) . 198Q 
9 . 1 5 1 2  
0 .  16/14 
7. I 7 7 5  
0. Ib6? 0 . 1 7 1 9  
9 . 1 6 1 6  
0 . 1 5 2 1  
?. 15711 
, ? . I469  !>. 1414 rl. 1575 
7 . 1 3 2 4  
'I.  I26'! 
q. 1200 
'.I158 
!). 1 IC4 
0.OYR5 








266,5'K  (2OoF) 
69,6% RELATIVE HUMIDITY 
FREQUENCY (kH3 
P 0 TEMPEhCTIIHE z26h.5 Y. YFLP'I'I'JE H l l M L n l f Y  b 0 . U  % 
AbS(1kP'I'TU~r CIF SflUlJLl 1)' A I R  
FhE:TJIIF;IJCY 
( kHZ1  (L 'R/W)  f l j t l / i l )  
l 0 0 . 0  1.9848 
95.0  
1. 7 2  4 h  
1 . 5 8 7 0  
90.0 
1.5ec-7 
1 . 4 2 5 0  f .  43"r. 
1.3294  1.3063 
1.1067  1.7621 
1 ,0286 9. C;72ci 
f l . P R P 5  
0.R399 o. B T c r  
I-IEAFUNLT) AljS PREn lCYEU 
R5,  I> 
po.0 I .20hO 
7 5 . 0  
7 t . o  
67 .0  0.8922 
59.0 0.7291) 0. 7 3 4 ?  
5 6 . 0  n.6351 9.661: 
5 3 . 0  0.6171 0.C311 
5o.n  ~ 1 . 5 5 8 3  3. S P Y "  
4 5 . n  
l . l e c 4  
63.0 
48.0 0.5165 0 .  5537 
0.45151 r ) . < l C l  












31.9  0.3595 
0 . 3 b P l  
29.7 
3 . 3 4 5 0  
n. 3 4 1  3 
28.0  0.3244  0.3152 
3 . 3 3 1 2  
26.5 0.3126 0 . 3 0 1 ~  
2 5 . 0  0.2716 0.2RE4 
22 .0  0.2572 0 . 2 6 3 %  
21.0 
2o.o 
24.0 0.2756  0.27% 
0.2515 n. 2 5 5 4  















0.1707  0.1734 
10.0 
0 . t624  0. Lh70 
9.5 




0.1402  0.1479 
0.13R9  0.1411 
8.0 
7.5 
0,1311  0 .1340 
Q.1.251 0.1264 




6 . 3  
5.9 
0 .1053  
0.0978  0.0985 
0. l o b o  
5.3 










4.2 . -  0.0620 







j 5 . 0  
14.0 r!. 2056 
13.2 
11.8 
0 .1e61  
0.1551 
266.5'K (20'F) 
809, RELATIVE HUMIDITY 
1 
I 







TEMPERATURE m266.5 K RELATIVE HUMIDITY I 91.7 S 
ABSORPTION OF SOUND IN AIR 
lREOUENCY HEMURED ABS PREDICTED 
(KHZ) ( D B / H )  (DB.CIIl 





















50.0  0.6177 
48.0 
0.6250 
45.0 0.5163  0.5512 
42.0 0.50F6  0.5104 
40.0 0.4811  0.48 6 
37.5 
35.4 
0.5062  0.4538 
33.4 
0.4480  0.4292 













0.3079 9 . 3 1 2 5  
22.0  0.2825 
21 .0 0.2845 
0.2953 
9.864 
20.0 0,2724  0.?774 
1q.0 0.2651 0 .26F3 
18.0 1-1.2619 













n . 2 0 0 1  J .mz 
11.2 







(1. l t S 5  
0,1638 0.1619 








6 . 7  0.1122 
3.1151 
6 . 3  
0 .  1.1 13 
0.1036 




q. C? 52  
0.08R9 .3.OFPQ 
5 . 3  9.0846 
5.0 0.0749 7. c757 
1.0823 
4.8 0.0172  7.0713 
4.5 
4.2 
n.0662 1 .%47 
0.054s 7. " 5  F ?  




0.5925  '0.5947 
1n.o 0.1635 
7 . 1  0,1213 
266.5'K  (20'F) 
91,74, RELATIVE HUMIDITY 




TEMPERATURE ~ 2 7 2 . 0  K RELATIVE HUMIDITY = 0.0 S 
ARSORPTTON OF SOUND IN AIR. 
FREQlJENCY MEASURED ABS PREDICTF9r 
( K H Z )  ( D B / M I  
1no.o I .7388 
95.0  1.5441 
1 . 5 4 0 9  
90.0 1.3554 
1.39C8 
1 . 2 4 8 3  
1,2550 1.1136 








q . 7 7 7 2  
0.8171 
63.0 0.6134 
0 . 6 9 2 2  
59.0 
0 . 6 1 2 1  
0.6178 ' 1 .5370 




5 0 , O  














0.2520 ' 0 . 2 1   7 5  
35.4  0.1037 
33.4  0.2129 
3 . 1 9 3 9  
0 . 1 7 2 7  











25.0  0.0895 0. C 9 7 2  
0,0965 O.OR96 
0.0733 0; 0 7 %  
20.0 0.0567 
0.0688 
19.0  0.0610 
0.0625 
18.0. 





0.0517 0 .0454  
0.0371 








0.0258 o . w w  
0.0249  0.0223 




0,0195 0 . 0 1 6 3  
o.al8z 
9.5 0.0225 0.01 48 
9.0 0.0192 
8.5 0.0174 0.0120 
0.0134 
7.5 













OX RELATIVE  HUMIDITY 
1 
FREQUENCY (kH3 
TEWPERATURE .271.0 K RELATIVE HUUIDITX 8 9.5 I 
ABSORPTION O F  SOUND I N  AIR 
CRCQUGNCY 
CKHZ). 
WCA8URED AD8 PREDICTED 
( D W W  
100.0  1.4841 
rnam - 
1.5602 
95.0 1.5O14 1.4101 
90.0 1.1420 1.2616 
85.0 1.0242 1.1329 
80.0 ' 1.0014 1.0058 
75.0  0.7911  0.8865 
71.0  0.7041 
67.0 
63.0  0.5119  0.6315 














31.5  0.1716 
29.7 
9.173fl 
0.1838 4. 1561 
26.5 
0.1407 0.1410 










21.f, 0.0805 3.0881 










14.0  0.0503 n.0504 
1 3 . 2  0.0449 
12.5 
'1 . 04 7 3  
0.0401 
11.8  0.03R9 
3. C442 
3.0416 
11.2  0.0375 9 . 2 3 9 5  
10.6 0.0363 
10.0 
'3. c 3 7 5  
0.0299 
9.5 
0 . 0 3 5 6  
0.0283 
9.0  0.0298 
0.0-441 
R.5 0.0286 
3 .  C 3 2 b  




0.02h2 0. C28P 
7 .1  0.0258 9.0279 
6.7 





0.  c262 
5.6 






4.8  0.0164 
0,0238 
4.2  0.0238 
0.0235 
4.0 n .n l81  
0 ,0226  
0.0273 
0.7965 
0.6026  0.7115 
59.0  0.4468  0.5563 





I 272'K (30'F) . 
9,5% RELATIVE HUMIDITY 
I 
1 I I I I I 1 1 1 1  I I I I l l 1  

















v) m a 
\ 


































































1 .3@ 34 
1 . 4 4 5 3  
1.1C.EC. 




0 . 7 4 7 3  
0.5920 
0 . 4 0 8 5  
0.55rr9 
0.41C7 
0 . 4 4 c 9  
9 . 3 t 7 9  
3 . 3 2 7 s  
O.3@23 
0 . 2 7 7 4  
0 . 2 4 0 9  
0.3086 
q.2276  
0 . 1 9 1 7  
0 . 1 7 6 5  
3 . 1 6 3 9  
O.152@ 
0 . 1 4 4 4  
0 .1302  
0 . 1 2 3 6  
0 . 1 1 1 2  
0 . 1 1 7 2  
0 . 1 0 5 4  
3 . 0 9 4 9  
0 .  loco  
0.0900 
0 . 0 8 5 5  
O.OR2O 
0 . 0 7 6 5  
0 . 0 7 5 2  
r) . 0742  
0 . 0 7 2 1  













O ~ Q S l *  
0.0$31 
0.OIlO 
-. ""- "A IO. 
272 ,O"K (30°F) 
19,7% RELATIVE HUMIDITY 
1 I I I I l t l l  1 ' I I I I111.01 
0 IO. 100. 
FREQUENCY (kHd 
" 
A B S O R P T I O N  OF SOUND IN AIR 
TEMPERATURE 8272.0 K R E L A T I V E  HUMIDITY S 29.5 S 
FREQUENCY HEASURED ABS P R E D I C T E D  
100.0 



























































































































E TEMPEHATUHE ~272.0 K RELLTIVE HUMIDITY t 40.4 Z ABSOHPTIUN OF SOUND IN 4 I R  
FREOIJENCY MEASUREn ABS 








90.0 I .3297 
85.0 
1 . 4 0 5 0  
R O . 0  
1.3203 1 . 2 7 1 1  
1.0791 
75.0 
1 . 1 4 3 9  
71.0 
1.0835 1.   C245 
0.9026 0 . 9 2 4 5  
67 e 0  
63.0 
0.P810 0 . 8 4 5 4  
0.7039 0 . 7 6 S 3  
59.0  0.6863 0.6940 
56.0 0.5704 0.641?8 
53.0 0.5701 n. 5 5 ~ 3  
1.54e3 
50.0 0.4186 0. $426 
4 R . O  0.4887 
4s ,o 0.3702 
9 . 5 1 2 3  
42.0 
0 . 4 6 5 1  







0 . 3 4 9 4  
31.5 
0 . 3 7  79 
0.3180 0 .3oe5  
29.7 
2e.o  0.2646 
0,3066 0.2c112 
0 . 2 7 5 7  
26.5 
25.0 
0.2475 9 . 2 6 2 6  
n.2345 
24.0 0.2309 
0 . 2 5 0 2  





20.0  0.1986 
0 . 2 1 9 9  




0 . 1 9 9 6  
0 . 2 0 c z  
17.0  0.1735 0 . 1 0 3 7  
16.0 0.1705 0.1869 
0.1A07 
0.1584 9 . 1 7 4 5  
12.5 
0.1561 0. 1655  
0.1519 
11.8 
O. 1 6 5 1  





0 . 1 5 2 4  
10.0 
9.5 
.0.1401 0 . 1 4 8 1  
9.0 
0.1251 0 . 1 4 4 3  
8.5 
0.1301 
0.1252 0 . 1 3 5 9  
0 . 1 4 0 2  
8.0 
7.5 
0.1238 n. 13.13 
0.1191 0 . 1 2 6 3  
7.1 0.1161 0 . 1 2 2 0  
6.7 0.1074 
6.3 0.1090 0.1123 
5.9  0.0997 
' 5.6 0.0974 
0 .   1 0 6 8  
0.1024 
5.3 0.0931 0.0977 
5.0 0.0803 
4.8 0.0030 
4 * 5  
0. o m  









. .  0.0927 
0.0721 0.0738 
272'K (30'F) 
40,4% RELATIVE HUMIDITY 




.. . .  
ABSI)HPTXON OF SOUND IN A I R  
CREOUEWCY 




L D W M )  
1oo;o 1.1923  1.7422 




1.1822 1 .1875  
75.0  1.0870 
11 .0 1'.0048 
1 .Ob80 
0.$719 
67 e 0  o.8ego 0; tlS27 
63.0  0.1932 6.8125 
59.0  0.6713  0.73  71 
56.0  0.6413 
53.0 
0 .6837  
50.0 
0.5766 D -6332 
0.5043 
48.0 
0 .5853  
0.5028 r1.5549 
45.0 0.4522 5 . 5 1 1 5  
42.0  0.4227 0 . 4 7 c 9  
95.0 1 a6238 i.54~0 
1 .3146  
40.0  0.4193 '5.4453 








31.5  0.3514 .3.3493 










' J . t S C 8  
21 .o 0.1500 
0 -2648  





; ) .2419 




1h.O  0.2154 










0.1925 0.1')Bl  
0 .1923  
11.8  9.1770  0.1862 
11.2 
10.6 
0.1759 J . 1 A O R  
0.1119 
10.0 
3 . 1 7 5 0  
0 .1609  
9,s 
?. 16P9 
9.0  n.1526 
0 . 1 5 2 3  q.16?5 
8.5 
0 .1577  
0.1470 fl. .lSlS 
0.0 0.1440 6 1449 
7.5  0.1351 0 .1378  
6.7  0.1200 
0.1317 





0 .1183  
n. l l c q  
5.6  0.1033 0 .1051  
5.3 0.09bb 0. c99c 
5.0 fl.0906 0. CT27 















TRHPFRATUHE r272.0 K RELATIVE HUMIDITY = 60.0 % 
RBSORF'TIOI1 OF SOUND IN AIR 
CREOIJENCY MEASURED A8S 





H S . 0  
1.5668 1.5245 
1.4540 
















56.0 0.0172 0.7568 
0.8104 
53.0 0.1317 0 . 7 C 5 8  

















3 1   - 5  
0.4365 
0.4388 








25.0  0.3337 
24.0  0.3322 
0.3506 
0.3411 
22.0 0.3144 0.3225 
21.0 0.2987 




































0 . 0  0.1516 

































0 m 06@2 0.0657 
0.0611 0.0609 
272'K (3OoF) 
60% RELATIVE HUMIDITY 
1 




TEMPERATURE m272.0 K RELATIVE HUMIDITY 67.6 4 
ABSORPTION OF SOUND IN A I R  
FREOUENCY HCASURED ABS PREDICTED 
(KHz1 (DB/M) ( D B l U )  
100.0 1.9513 1.13669 
95.0 1.7102  1.716  
90.0 1.5875 I .  5737 
85.0 1.4774 I. 53 E 5  









1.0708 1 .0 lh9  
63.0  0.9385 0.9340 
s9.0 O.Rl77 0. e579 
56.0  0.7740 0. ?0+0 
53.0 0.7043 0.75'Zh 
0.6341  0.7039 
45.0 0.5978 
9 . 6 7 2 9  
0.6283 





0 . 5 5 5 5  
35.4 0,5527 '7.5C17 
33.4 
31.5 
n.4~128  0.47P2 
0.4843 0 . 4 5 6 5  
29.7 0,4809  0.4366 
28.0  0.4161  0.41 P;! 
26.5  0.3893  0.4022 
25.0  0.3776 




0.3474  0.3550 
21.0 0.3379  0.344? 










0.2745  7.2740 






0.2307  0.2376 
11.2  0.2120 0 . 2 1 5 3  
19.6 0.2057  0.2051 
10.0  o.1910 9. 1537 
9.5 0.17f8  3.1638 
9.0 0.1693 0.1735 
8.0 0.1542  0.1516 
7.5 0.1394 3.14C1 
7.1 0.1276 0.13C7 
6.7 0.1192  7.1711 
b.3  0.1076 0.1113 
5.9  u.og6e 0. ID14 
5.6  0.0941  0.0940 
5.3 0.0660 3.0865 
5 . 0  0.091b (1. 0791 
4.8 0.07913 'l .0742 
4.5 O.Obh2 ?. Ch69 
4 . 2  
4 .0  











67,6% RELATIVE HUMIDITY d 1. 
.I 




TEMPERATURE =272.U K R E L I T I V E   H U M I D I T Y  = 79.2 % 
LBStlRPTIOb! [IF SOUND I N  AIR 
FREOUEiNCY MEASURED ABS PRE:DICTEU 
( W Z )  (DB/H) ( D B b r l I  
100.0 r .9407 1. '7647 
95.0  1.7567  1.7940 
90 .O 1.5859 1.6509 
A5.0 1.4676  1.5153 
80.0 1 * 3411 
75.0  1.2494 
I. 3874 
1 .26 t9  
71.0  1.2058  1.1759 
67.0  1.1215  1  .0897 
63.0 1.0459 L. OCRt 
59.0  0,9375  0.9312 
53.0  0.8488 ' 0.8243 
50.0 0.7752 0.7745 
4 R . O  0.8306 0.7427 
56.0  0.9313 9.8765 




9.6710  0.6253 
37.5  0.6377  0.5915 
35.4 
33.4 
0,5963  0.5640 
0.5445  0.5386 
31.5  0.5307 
29.7 
0.5148 
0.5244  0.4926 
26.0 0 4954 
26.5  0.4672 
0.4718 
0.4535 
25.0 0.4318 0.43 50 
24.0 
22.0 








17.0  0.3166 
0.3415 
0.3263 
16.0 0,2912 0.31C3 
15.0  0.2841 
14.0  0.2708 
0.2835 
0.2756 








10.6  0.2039 
0.21 S6 
10.0  0.1875 
0.2064 
9.5 0 . 1777 0.1927 




0.1564  0.1568 
7.5  0.1314 
0.1443 
0.1318 
1.1  0.1214  0.1217 
6.7  0.1107  0.1116 
6.3  0.1020 0.1015 
5.9  0.0923  0.0916 
5.6 0.0824 0 . 0 ~ 1 4 2  
5.3 0 . ~ 7 6 ~  0.0169 








0 .os 17 











79,2% RELATIVE HUMIDITY 
1 




TEUPERATURE 8272.0 K RELATIVE UUUIDITY 8 92.9 S 
A~SORPTION OF SOUND IN AIR 
FREQUENCY MEASURED A08 









































































0 . ~ 9 6 2  
-0.0772 
2 i-03 a7 
1.7431 
1 . 8 8 f 4  
1 .!6* 
1 .9573  
1 .'26 54 
1.1781 
1 . 0 9 5 3  
1.0168 
0 . 9 0 7 1  
0.96C8 
0 .  A556 
0 .8224  
0 . 7 7 4 3  
0 . 6 9 8 0  
0.12 80 
0 . 6 t  1'2 
0 .63  C9 
0 . 5 7 5 3  
0 . 5 2 5 0  
0 . 5 4 5 6  
0 . 5 0 3 0  
0 . 4 8 0 5  
0 . 4 6 5 1  
0 . 4 3 1 2  
0 . 4 1   6 6  
I .+*7 
0 . 6 ~ 2 3  
0 . 3 8 1 5  
0 . 3 9 9 4  
n. 3630 
q. 3437  
.O. 3025  
0 . 3 2 3 5  
0 . 2 6 7 3  
0..2RC5 
0 . 2 4 5 8  
0..2289 
0 . 2 1 4 1  
0 . 1 9 $ 1  
0 . 1 8 3 9  
0 . 1 7 1 1  
0 . 1 4 5 3  
0 .1324  
0 . 1 1 9 7  
0 . 1 0 9 6  
0 .0997  
0. C9CO 
0.08CS 
0 . 0 7 3 6  
0. C669 
0.06C4 
3 ~ 0 5 6 2  
0; 05co 
0 . 0 4 0 4  
0 . 0 4 4 2  
0.1582 
272'K (30°F) 










i I I I I I l l 1  i I I I I I I I>.Ol 
1.0 IO. loo. 
FREQUENCY (kHz) Ip 
ABSORPTION OF SOUND IN  AIR 
s TEMPERATURE 3277.b K RELATIVE HUMIDITY 0.0 % 
E. FREQIJENCY MEASURED ABS PREDICTED 
(KHZI I D B / P l  (OB/Yl. 
100.0  1.6640 I .  5567 
90.0 
1.5704 1.4050 





80.0  1.0534 0.9966 
1.0094 0 .3761  
71.0  0.8470 

























0.1874 0 .1960  
33.4  0.1758 








2% 5 0.1067 0.1103 
24.0 






20.0  0.0596 
0.0722 0.06% 
19.0 
0 .  C632 







15.0 0.0418 0 . 0 3 4 C  
0.0408 
13.2 
14.0 0.0281 0.03 15 
12.5  0.0209 0.0253 
0 .0281  
11.8 
11.2 
0,,0243 0. 0227 
0.0186 
10.6  0.0194 
0.0205 
10.0 0.0152 0.0166 
9.5 
9.0 











7.1 0.0106  0.0089













0% RELATIVE HUMIDITY 
a' 




TEMPERATURE -277.6 K RELAtIVC  HUHIDITX m 9.4 Z 
ABIORPTIDW OF SOUND IN A I R  
FREQUENCY HLISURED A M  
(KHz) (DB/M) 
PREDICTED 
( D B l H l  
100.0  1.8039  1.5942 
9s.o 
90 .0  
1 . S i  PO 1.4426 
85.0 
1’.3409  1.2987 
80.0 






71.0  0.9094  0.8228 
67.0 
63.0  0.6987 
0.7369 
59.0  0.5974 















40.0 0.3033 0.21375 
0.~1098 
37.5 0.29e7  0.2573 
35.4  0.2734  0.2315 
33.4 0.2209  0.2121 
31.5  0.1910 0. I S 2 9  





26.5  0.1472  3.147R 
0.1349  0.1357 




0.1047  0.1071 
0.113R 
20.0 0.1000  0.1CC7 
19.0 0 . 0963  0.0946 
18.0 0.0835 0.01389 
17.0  0.0850 o. o w +  
16.0  0.0774  0.07E-i 
15.0 0,0752  9.0734 
14.0 0.0679 0.0689 






0.0613  9.0627 
0.0579  0.0600 
0,0583  0.0579 


































0.0445 0. D394 
0.0356  0.0390 
10.0 0.0496  0.053tj 
4.8  0.0422 
0.0401 
277.6”K (40°F) 
9.4% RELATIVE HUMIDITY 
ARSORPTION OF SOUND 1 N  A I R  
F w 
TEMPERATURE r277.6 K .RELATIVE HUHInITY f 20.0 Z 
rn FREQUENCY. MEASURED ABS PREDICTED 
.. . 
(MHZ) (DR/Ml (DWMI - 100.0  2.1944 1 .67cO IO. - 
95.0  1.9806 1.51 e? 
90.0  1.7946 1.3146 
85.0 1 e6201 1.2392 
AO.0 1.2564 1.1099 
75.0  1.4069 c. 9e93 
- 
71.0 1.33s) 0.0';1(4 
63.0 




53.0 n.1514 0.5511 - 
50.0 0.6610 0.5P?O 4 '  
48.0 0,5990 0.4724 
45.0 0.5311 0 . 4 2  9P 
42.0 0.4960 0.3883 
40.0  0.4081 3.3627 
31 .S 0.4030 0.3325 277,6"K (40°F 1 
33.4 
35.4  0.3686 
O . J I ~ B  o.2871 
9.3086 
31.5 0.2903 0.2678 
29.7  0.2675 0 . 2 5 C 6  
28.0 0 2429 0.2352 
26.5 0.2250 0.2223 
25.0 0.2214 0.2lC2 
24.0  0.2084 0.7024 
22.0 0 1989 0.1878 
21.0  0.1932 0.18C9 
20.0 0 . 1 ~ 3 8  0.17.44 
19.0 
18.0 
n. 1 . m  
17.0  0.1611 0.1562 
16.0 0 . t 5 6 1  0.15C7 
15.0  0.1552 0.1454 
14.0 
15.2 Om1437 . 0.1364 
12.5  0.1386 0.1.531 
11.8  0.1330 0.1298 
11.2 
10.6 0.1302 0.1242 
10.0 0.1234 0.1214 
9.5 Om1209 0.1190 










0.1123 . 0.1064 
6.7  0.1064 0.1039 
6 .3  0.1035 0.1012 













I , ? .  0.0006 0.0811 
4.0 0.0781 0.0784 FREQUENCY (kHz) 
. .  
. .  - 
- 
1.0154 0.7316 - 
0 .  8098 0.6020 
20% RELATIVE IhJMIDITY 
0.1806 
0.1662 0.1620 
0.1420 0. 140'3 
0.1321 0.1270 - m a 
- ,  
- 
. .a 
1.0 I 0. 100. 





























































CtATIVE HUMIDITY m 3 0 . h %  
80UW I N  AIR 
AB& PRCDICTLO 
1) ( D?/W 1 
I6 
14 
1 .7629  
1.61 12 
16 I .  4 6 u  
13 I m.20 26 




0 .9049  
0.8239 





12 0 .5945  
IO 0.5638 





0 . 4 2 2 7  
* I  0.3984 
16 1.3765 
17 'J .3567 






0 . 2 R b Z  
r) -2727  
I8 0 . 2 6 4 5  
I1  3 . 2 5 7 0  
13 0.?49t 








O . 2 1 3 3  
7 . 2 0 7 2  
14 0 . 7 C  17 
13 0.1959 
' 4  1.1907 
13 
i2 0 . 1 7 4 4  
i?. 1852 
'9 0 . 1 7 4 2  
i5 
' 9  0.1628 









0 . 1 2 2 4  




0 . 1 0 4 3  
10 0.0997 
16 
10 ,-I. 9854  7.C927 
'2  3 .3003  
14 I; 33 tb 




30.2% RELATIVE HUMIDITY jl. 
1 I I I I 1 1 1 1  1 I I I I 1 1 1  .a 
IO. 100. 
FREQUENCY (kHz) 
ABSOHPTTOM 01.' SOUND I4 &IR 
P 
FHE(1'IENCY 
I l c H Z )  
w TEMPEHA'IIJHF ~ 2 7 7 . 6  K RELbTIVE MUMIDITY ,40.4 % 
MEAbURF;D PBS PREDICTKD 
100.0 
Y5.0 1.7400  1.71t0 
90.0 
a s . 0  
1.5742 
1,4359 




59.0  O.AO6O  3.8c.02 
50.0  0.6057 
1.91.68 
( D R / r l l  t v2.m) 




75.0 1.t859 l.lP5R 
67.0 
1,1347  1.0946 
3 .926n  
1.0083 
56.0 0.7421 0. 7560 







4 0 . 0  0.4727 
0 . 5 7 P O  
37.5 0.4709 
0. C.515 








0.4391  0.430  
0.4104  0.41 3 
2 6 . 5  
25.0 






















14.0 0.2652 0.2658 











17 .0  






9.0 0.1~60 0.1914 
p.5 0.1767  0.1812 
8.0 0.1675 




6.7  0.1368 




5.9  0.1178  0.1194 
5.6 
5.3 
0.1113  0.1114 
5.0 0,0952 
0.1029  0.1033 
0.09 52 
4.8 0.0955 0.0897 










40~4% RELATIVE HUMIDITY 
I ' O '  
1 
\ 
1.0 I 0. 100. 
I, 1 I I I I I l l 1  1 I I I I I I I).Ol 
FREQUENCY (kHz) 
TEMPERATIJRE m277.6 K RELATIVE HUMIDITY 50.3 Z 
ABSORPTION QF SOUND IN AIR 
FREOUENCY MEASURED AB6 PREDICTED 
(KHz) (DB/M) tDB/Ml 
100.0 2.0330 I 9760 
95.0 1.0224 1.8247 
90.0 1.7045 1.6802 . 
80.0  1,4168 1.4142 
75.0  1.2824 1.2926 
71.0  1.2144 1.200A 
67.0 1.1064 1.1138 
63.0  1.0105 1. C316 
59.0  0,8849 0.9541 
56.0  0.8300 0.8q90 
05.0 1,5085 1 .5433 
5 3 . 0  0.7855 0. P465 
50.0 0.7098 0.7964 
48.0  0.6949 0.7645 
0.6411 3.71 8 5  
0.6162 0.6747 
40.0 0.5977 0 . t468  
45.0 
42.0 
37.5 0.6679 3.61?0 
35.4 0,6290  0.5857 
33.4  0.5752 r). 5603 
31 e 5  0.5537 0.536R 
29.7 0.5239 0.5140 
28.0 0.5047 0 .4943 
26.5 0.4709 0.4762. 




21 .o 0.1902 0.4077 
9.42C7 
20.0 0.3806 9.3944 
19.0  0.3708 0.38C6 
1R.O 0.3458 '7.3663 
17.0  0.3435 0.3513 
1h.O 0.3270  9.3355 
1510 
14.0 
0.3085  0.3187 
13.2 0.2791 
17.5 
c.  2 e 5 7  
1 1 . 8  0.2513 3.2570 
11.2  0.2395 0.2439 
10.6 0.2282 0.2301 







n.0 0.1632 '7. 1644 
7.5  0.1449 0.15CFl 
7.1 
6.7 
6 . 3  0.1156 (1.1174 
5.9 0,1058 3.1063 
5.h 0.0969 a. c s e o  
5.3 n .om8 0.0898 
5.0 (1.0818 0 .W17  
4.. R 0.0781 0.0764 
4.5 0.0697 0.0635 
4.2 0.ObR2 0.0609 









0. lZP6  
277,6'K (40'F) 
50,3% RELATIVE  HUMIDITY 
i I I I I 1 1 1 1  i I I I I I l l  .01 
IO. 
FREQUENCY (kHz) 
'HE r277.6 K RELATIVE HUHInITY I 60.3 % 







1.7376  1.7929 
1,6036 
1.4862  1.5253 
1.6553 





1 .Obb2  1.1381 
I .  0 5 S O  
0.9136 1.0025 
0.8668  0.9483 
0.7191 n. 1 3 6 3  
0.7693 0.8629 
0.7071  0.8144 










0.5320  3.5406 
0.5050 3.51 78 





























































60,31* RELATIVE HUMIDITY 
FREQUENCY (kHd 
TEMPKRATWHE r277.6 K RELATIVE HUHIDlTY b9.0 Z 
ABSOHPTTLIN OF SOUND IN A I R  
CREQUENCY MEASURBD. ABS PREDICTED 
(KHZ) (DB/Ml lDB/M). 
100.0 2.2T31 2.1911 
95.0 2.0226 1.0377 
90.0 1,8674 1.8917 
85 SO 1.7517 1 .  7532 
8 0 . 0  1.6102 1.6220 
71.0 1 3969  1.4039 
75.0 1.4754 1.4980 
67.0 1.2926 1.3143 
63.0 1.2102 1.2289 
59.0 1.0753  1.1477 
56.0 1.0213 1.0853 
53.0 0.9771 1.0331 
50.0 0.8941 0.9797 
48.9 0.8305 0.9434 
45.0 0.8143 I) ,R9 18 
37.5 0.7853  9.7677 
35.4 n.7721  0.7334 
33.4 0.7125  0.70C7 
3 )  .5 
29.7 0.6404 
2R.0 0.6021 0 . 6 0 5 5  





21.0 0.4731  5.4762 
20.0 0.4377 n. 4547 
19.0 Oa4202 9.4325 
18.0 0.3977 5.4094 
17.0 n.3806  0.3855 
16.0 
15.0 
0.3468  0.3606 
n. 3274 I). 3348 
14.0 0.3007 0. 30P2 
13.2 n . 2 7 ~ 5  9.2863 
11.8 






























4 0 7 6 b  ').p741! 
5.3 n.0701~  3.3678 
5 . 0  0.Obf l  
4.5 




4 . 0  
n. 0445 
0.0385 ').94(17 
42.0 0 .7809  9. e415 
40.0 O.BSZB 0.80Pc. 
0.6750 0.6692 
9.6389 


















AHSDHPTTOY OF SPUND IY A I R  
r FHEOIIEWY E 
TC'hlpFHbTIIKF ~ 2 7 7 . 6  k RELATIVE HUMIDITY = 8 0 . 3  % 
( K H z )  r D R / k ' )  (DR/M) 
95 .0  2.1 363 
9 0 . 0  1.9720 
Z.16t4 
2 . 0 1 P 9  
es.o  
R0.0  
I .  A444 
1.7282 
1 . 5 7 4 5  
75.0 
1 . 7 4 5 7  
1.5857 1.6137 
71 .n 1 .9991  1 . 5 2 2 2  
63.17 1 .?e55 
FlFASUREI, ABS PREDICTED 
1 w . n  3.3317 i.i2ii 










5 0 . 0  0.9607  1.0762 
413.0 11.941~  1.0379 
45.0 0.4785 3.9011 
40 .0  
0. Cj241? 




0.8321 1:. eo02 
31 - 5  
1.7615 
0 . 7 3 8 9  
79.7 
1 .7238  
2R.O 
O.bRO1 
0 .6551  
0. 6872 
7 . 6 5 1 5  
26.5 9.6027  7.6109 
25.0 11.5702 
24.0  n.5374 
D . 5 P S 2  
7 . 5 6 2 1  
72 .0  
21 .o 
no.5051 ' ) . c139  
n.4934  0 . 4 t i E ' I  
0.4.522 
19.11 
18 .0  
0.4368 9.4367 
9. /roc(, 
17.0  0.3706 
16.0 0 .3505 9 . 3 5 3 4  
0 . 3 9  10  
15.0  0.3188 (1. ?245 
1 4 . 0  
13.2 
0,2932  0.2052 
12.5 
0.2675  0.2715 
0,2550 
11.8  0.2334 0 . 2 5 C O  
n. 7 5 c 7  
11.2 0.2196 
10.6 
f l . 2 1 2 t  
0 . 1 9 7 5  0.1447 










7 . 5  
0. L Z Z O  
0.1097 
7.1 0.1017 
0 . l O S l  
6.7 0.9912 9.0894 
0 . 0 9 9 0  
6 . 3  0.0802 





0 .0666 0.0646 
0.0579 
5.0 0.0538 









4.0 0.0382 0.0347 
42.0  0.036b 
II.AIA~ 
2 0 . 0  0,4486 
11.4037 
277,6'K (40'F) 
80,3% RELATIVE HUMIDITY 
-1 
1 1 I I I I 1 1 1  1 1 I I I 1 1 1  .01 
1.0 I 0. 100. 
FREQUENCY (kHz) 
TEHpERATllHE s277.6 K RELATIVE HUMIDITY 2 89.6 Z 
ABSORPTION OF SOUND IN AIR 
FREOllENCY MEASURED ABS PREDICTED 
(KHz) I DB/P 1 CDBfM) 
100.0 2.4546 2.42t6 
95.0 2.2738 2.2703 
90.0 2.1078 2.1210 
R5.O 1.9656 I .  97eb 
80.0 1 .e556 1. e429 
75.0  1.6991 1.7136 
I 1  .o 1.6241 1.6145 
1.5019 1.51 51 
63.0 1.3960 1.4272 
59.0 1.7435 1 .33e3  
67.0 
5 6 . 0  1.1944 1.2733 
53.0  1.1365 1.21296 
50.0 I .  Ob04 1.146P 




46.0  n.9260  0an39b 
0. S A 1 3  




0.8114 0 * 7075 
31 r S  0.7796 0.7545 
29.7 
7R.O 









0 . 5 5 6 9  
0 .5SC3 
rl.c.7nl 
22.0 n.5090 s. 51 $6 
21.u n. 4900 9 . 4 P ? l  
2 0 :o 0.4479 q.4597 
19.0 n.4301 0.4? t 7  
1 R . t '  0.39R7 f l .4r .14 
1 7 . 0  0.3690  3.37 1 
16.0 0.3394  0.34 5 
15.1' 0.3072 n. 71 12 
1 3 . 2  0.7552 
o.Zecc1 
?. 7Ct .P  
12.5 0.2388 0 , 2 3 5 3  
11.H 0.2189 0 .7151  
11.2  0,2015 ?. 1 S7,> 
10.6 0.1817 il. 1pr4 
I".( '  0.1645 q.1t.35 





a.0 0 . t l f ! J  n.1119 
7.5 n . io I2  3 .  oqe. 
7.1 0.0905 0. OP' lb  
617 0.0800 
6 . 3  
c!. CPC6 
n.o:105 Q.0721 
5 . 9  n,oez7  0.06'9 
5 . 6  0.0602 
5 .3  n.0521 
0. c= P O  
'?.OF24 
5 . 0  0.0490 9 .0L 7n 
4 .9  0.0453 0 . 9 4 3 c  
4.5 n.0379 0.  C ?  F7 
4.2 0.0408  0.0360 







S9,6% RELATIVE HUMIDITY 
i I I I I 1 1 1 1  i 
1.0 10. 100. 
FREQUENCY (kHz) 
277.6'K (40'F) 
100% RELATIVE HUMIDITY 





0% RELATIVE HUMIDITY 
FREQUENCY (kHz) 
253,2"K (50°F) 
9.4% RELATIVE HUMIDITY 




TEMPERATURE r2R3 .2  K HFLITIVE M U M I U L T Y  = 19.5 % 
n\3h!lbPTlOw flC' S C ' U N D  IN A I R  
FREOllENCY MEASURED at)s PREDICTED 
(KHz) (DBIk) ( D B / M l  
95.1  1.6486 1.6292 
100.q  1.9047 1 .E073 
90.3 1,5036  1.48 8 
R4.Y 1,3645  1.341b 
80.0 I .2259 




71 .o 1.0032 
0.9213 
1 . 0 0 4 6  
63 .0  
0 .Q178  
0.8252 9.8360 
59.0 0.6991 
S h . 0  
?. 7591 
0,6510 
53.0 0.6060 9.6532 
0 . 7 0 4 9  
50.0 0.5821 
48.0 0 . 5 3 ~  
0 . 6 0 4 4  
bS.0  0.4984 3 . 5 2 9 4  
0 . 5 7 3 5  
42.0 0,4291 0.48AO 
4010  0.4360 1 . 4 6 2 0  
37.5 0.4735 
35.4 
0 . 4 3 1 1  
n.4425 
33.4  0.3948 
0 . 4 0 6 7  
3 1  .5 
0 . 3 R 4 6  
0.3862 0 . 3 6 4 1  
29.7  0.3411 
28.0  
0 . 3 4 6 8  
0.3266 0 .33c7  
2b.5 0.3013 0 . 3 1 7 2  
25.0 0.2779 r). 3047 
24 .0  0 . 2 8 0 6  
2 2 . 0  0 . 2 6 7 0  3 .2800  
0 . 2 9 6 0  
21 .o 0.252'1 
2 6 . 0  
0 . 2 7 2 4  
0.2458 
19.0 
9 . 2 6 4 9  
1-1.2432 
I@.!' 0.2340 
9 . 7 5 7 6  
0 . 2 S C 5  
17.0  0.2285 
16.0 
0 . 2 4 3 4  
0.2219 
15.0  
3 . 2 3 6 4  
0.2137 3.22 73 
13.2  0.2045 
12.5 
2 . 2 1 h 3  
l ) . l Y S O  0.2110 
11.8 0. lYZL)  q.2C54 
11.2 n.1862 *?.ZOO5 
1G.h 0 .1861   9 .1952  
1 0 . 0  0.ttl30 7 .1897  
9 . 5   0 . 1 7 9 6   9 . 1 8 4 7  
9.0 0.1750 3 . 1 7 9 5  
A.5 f l .1602 
R.O 0.159b 
I. 1738  
7,s 
7 . 1 6 7 6  
0.1545 
7.1  0.1486 r). 1 5 5 1  ?. l h C 9  
6 . 7  n. 1 4 5 2  3.1LflR 
h.3 0;139U 3 . 1 4 2 P  
5.9 0 .1312  
5 . 6  
0 . 1 ? 4 7  
0.12R1 
5 . 3  n, 1 1 9 4  
J . l?AR 
5: . 0 0.114U q .115 '1  3.172s 




n.1122 ?. 10-3') 
o.0Yhn 
3 . 1 )  
' I .  C"6.J 
o , o ~ 5 s  7.990n 





283,2"K (50" F) 
19,5% RELATIVE HUMIDITY 




30,5% RELATIVE  HUMIDITY 
I 
I I I I I 1 1 1 1  I I I I 1 1 1 1 ,  I .o 
1.0 I 0. IOQ 
FREQUENCY (kHz) 
233,2'K (50°F) 




. e 4 1 7  
1 . 0 2 5 6  
1. Pecn 
,7327 1.7515 
, 5727  I .  62 51 
. 4 H 0 8  1. 5 2 e o  
,4005 
.2711) 1 . 3 4 7 7  
1.437C 
.neu2 1 .26  c 4  





: 1 . 0 4 ? 7  i). 'J07L 






0 . 6 2 1 1  J.. 6C 11 
7 .55C1  
0 .531"  
0 . 5 C C S  
0.4eCf j  
n. t e 5 5  
I. 4 5 7 7  
0.3YC7 
0 . 4 2  '4 
0 .367C 
0 .7115  
0 . 3 3 t s  
0 . ? 8 $ 4  
0.2t7C 
2 .  22 Q 4  
9.?477 
0.1921 
n . 2 0 r 1  
Q.1773 
0 . 1 4 6 3  
9 .1616  
3 . 1 3 1 3  
0.  11 S b  




1 .0714  
0 . 0 5 3 @  
0 .0597  




ARSi3HPCILl~l DP' SOUXUL, 1 N  A I H  
TEMYEHATLIHE rZP3.2 n RFLATIVE HUrIDITY = 60.5 % 
FREnllENCY HFASURED ABS PREDICTED 
t r H Z )  
1011.0 
(DB/M) I UB/M) 
95.0 2.8391 






B O . 0  1,9539 1.9379 
75.0 I .e631 1. 8OCR 
71.0 1.7450 
67.0 
I .  7063 
6 3 . 0  
1.6C54 
1.515rJ 












1 . 0 1 5 5  
35.4 
3.3.4 
0. G l ' 3  
31.5  
9 . 5 6 7 1  
7 R . O  
29 .7  0.4008 n. 7776 
26.5 
0,7331  9.7343 




0 . 6 2 5 0  





19.i) n . 4 7 4 ~  
0.5070 
0.4756 
I R . 0  0.4317 0.4437 
17.0 0.4054 0.4113 
16.0 n . 3 6 0 ~  9.3705 
0.3453 
n.3121 




n.7399 0. 2397 
11.2  0 .2225 0.2203 
t a . 6  
10.0 
n.2063  0.7013 
9.5  n . l b 1 9  0.1674 
0.1826 
R.5 11.1422 




6 . 3  
0.0921 0.0904 
5.9 0.0723 0.0717 
5.6 n.0661 0.0651 
5.3 0.05R6 n. 0 5 e ~  




















15.0 9 . 3 4 0 s  
14.n  n.3128 
n , l f I ( h  
9.0 0 . 1 9 h l  0.1526 
0.1382 
0 . 1 2 4 7  
O . l l C 7  
0.1004 
0.0406 9. O e C P  
5 . 0  n.0546 'I. 0 5 2 8  
E 4.0 0.0432 7 . 3 " 5 @  
283,2'K ( 50'F) 
60.59, RELATIVE 






ABSilRPTTUN nF SOUND IM AIR 
TEMPEXATUHE ~283.2 K QELATIVE HUMIDITY 'i 70.0 % 
~ PREO[IENCY MEASIIREP ABS 
W 
~ ( K W z 1  
PREDICTED 
( D R / f * I )  
2.1094 2. (953  
(DB/W) 
95.0 2.5293  2.5378 
on. o 2,3556 2.3830 
85.0 2.1964 ?.2344 
80.0 1.9795  2.0919 
75.0 1.9460  1.9549 
71.0 1.8164 1.84CC 
6 7  .O 1.7235 1. 7 4 t 0  
h3.0 1.6037  1.6454 
59.0  1.4661 1.54EO 
5 6 . 0  1 . 4 1 2 1  I. 473') 
53.0  1.33Hl  1.4C13 




1 . 1 2 7 8  1.2CfR 
42 ,  (1 I .0233  1.1321 
4 0 . n  
37.5 
I ,  1256  
1 .Obh8 
1.0814 
1 . O l t 5  
35.4 1.0174  0.9605 
33.4 
31.5 
n.9146  3.9056 
29.7 
0.9706 n. R51$ 
9.9341  0.7996 
2A.O n.7827  3,7481 
26.5 0.1026 ;1. 7075 
2 s . o  n.6544  7.6553 
24.0  0.6070 '1.6232 
22.0   0 .5527 9.5576 
2 1  .0 0.5211 
20.0 
n.5242 





17.0  0.3834  '3.JPB2 
16.n  0.3485 
1 5 . 0  
3.354.? 
14.0 
n . 3 1 5 0  
0 ,2948  
7 . 3 2 0 4  
13.2 0.2645 
" 2 8 7 2  
3.26C3 
17.5 0.2425 7.2?03 
11 .@ 0.2146 





10.0  0.15R9 
,3.1799 
9.5 








n . l l n 6   3 . 1 C E "  




O.G7?6 ti. .3 0.0642 
5 . 9  0.0620 ' ) .Oh21 
?.a702 
5 . 6  
5.3 
0 . 0 5 5 8  






0 . 0 3 ~ 5  
4.5 
'1. 3424  
n,03h5 7. 0 ? 7 6  
4 . 0  
1.0317. 










TEMPERATIIRE ~ 2 8 3 . 9  K RELATIVE HUMIDITY = 80.3 % 
ABSORPTIDN OF SOUND I N  AIR 
FREQUENCY HEASURED ABS PREDICTED 
(KHz) CDBIM) (DBLFU 
100.0 2.8300 2.R735 
95.0  2.6406 2.7073 
90 -0 2.4517 7.5470 
85.0 2.3216 2.3423 
79.9  2.0971 1.2427 
75.0  2.0149 2. C57h 
71.0  1.9181 1. SF44 
63.0 1 .A743 1.7675 
5 6 . 0  1.4666 
53.0 I . 3 1 W  
1.5733 
1.49  16 
67.0  1.R101 1.0735 
59.0  1.5383 1.6547 
5 0 . 0  1.3117 1.4052 
45.0  1.2196 1.2693 
40.0  1.1606 1.1242 
37.5  1.1012 1.0451 
35.4  1.0359 0.9P43 
33.4 0.9581 0.9211 
31.5  0.R857 0.0599 
29.7 fl.4555 0.0004 
28.0  0.7541 0.1432 
'26.5 fl.6905 7.6919 
25.0 0.6356 1.t40L 
24.0 0.5863 9.6C57 
48.0 1.2464 1.3538 
42.0  1.2543 1.1R31 
22.0  0.5317 7.5349 
21 .o 0.4920 D .4997 
20.0  0.4490 @. 4645 
1R.O 0.3964 ?. 3948 
17.0 0 3606 9.36C4 
16.0 0.3272 7.5766 
15.0 0.2959 7.2935 
19.0  0.4329 7.4255 
14 .0  0,2646 ?. 7612 
13.2 0.2365 3.2361 
12.5  0.1121 
1 1 . 8  0.1944 
'.?l'tR 
7.1941 
11.2  0.2073 'l. 17tS 
10.6 n.16ne 1.1603 
10,'1 0 . 1 4 2 8  ?. 1443 
9.5 0.1504 7.1314 
9.0 n.110~ 3.1191 
8.5 n.1113 0. 1C7? 
R.0 0.0972 7 . n v c n  
7.5 0.0864 3.0851 
7.1 0.0uo1 3. C76F 
6.7 0.06WI J. 06c0  
6.3  0.0611 7.96 15 
5 . 9  f l .0545 7. c 5 4 5  
5 . 6  0.049b 3.04'14 
5.3 0.0148 7 .I3447 
5.0 n.0419 .l. 04c1 
4 . 8  0.0319 7.0372 
4 . 5  0,0304 7 .0331 
4.2 0.n298 7 .  c 2 5 2  
4 .0  n . 0 2 ~ 0  3.3267 
283,2'K (50'F) 
80,3% RELATIVE HUMIDITY 
I 




: z 2 R 3 . 2  K PELPTIL'E H U 8 d I n l T Y  = b9.7 X 
&PSllRP'TTUII 'IF SnllYLI 1'1 AIU 
I!!?ASUUEIl h1j.S 
( D P / C )  
P R t r l l C I S U  




2 .6075  -7.6Pih 
7.4369 2.52 10 
7.4067 2.3637 
2 .14RE 2.2CSO 
1 .9095  1.9hS2 
1.7666  1.95CZ 









* ,7151 1.3039 
1 .n946  l .?C7h 






n,n703  0.8515 
0.8454 I). 7875 
0.7362  0.7265 
2 . 0 2 5 5  7.0889 
0.6746 9.6723 
0.625b '7.61 e0 











n.zZo1  1.7166 
n. t 176  





0.1b40  0.1611 
0.1771 
0.1476  3.1457 




0.07(16 0. c 7 c 7  
0.0715  0.0693 
0.0547 0 . 0 5 5 5  
0.0504  9.C491 









n . l on4  
0.01379 
0.0614 0.0622 
0 . 0 3 1 ~  
0.0302 
283.2'K ( 50°F) 

















F a a 
m a 
53 
TEMPERATURE 8283.2 K RELATIVE  HUMIDITY r100.0 8 
ABSORPTION OF SOUND IN AIR 
FREQUENCY HEASUPED ABS 















100% RELATIVE HUMIDITY 
1 









TEMPERATIIRE 1288.7 K RELATIVE HUMIDITY = 11.5 R 
ABSOHPTTON OF SOUND  IN  AIR 
FRROUENCY 
(KHz) 
MEASURED ABS PREDICTED 
( D R / H )  LPB/M) 
100rO 9 . m s  1.7722 
95.0 1,6964 
90.0 




80.0 1 . 3 0 9 3  1.2019 
















49.0 0 .5830 0.5514 
0.5P25 
45.0  0.5668  0.5069 
42.0 
40.0 






35.4 0,3964 n. 3837 
3 1 . 4  
31 - 5  
n.3683 0.3616 
29.7 
0.3568  0.3418 
0.3199 
26.0 






24.0 0.2552  7.7779 
21  ,fJ 













1 h . 0  0 . 2 0 5 6  0 . 2 1 7 3  




1 7 . 5  q.1916 9 . 1 3 6 7  
1 1 . 9  13,1773 




10.0 0 .  1 5 2 e  
7.1830 
. > . I 7 9 7  
9 . 5  
9 , (1 
f I . l b l2  7 .I759 
0 . 1 h h 0  
R.5 0.1640 
?. 1720 
r l . l b 7 Y  
8.0 
1 , s  
n.1585 
n.!533 








5.9 n. 1 3 3 7  '1. 1375 
S . 6  10.1275 '1.1339 
5 . '1 n. 1202 
4 .6  
9.1254 0. 1 1  41, 3 .11q5  
4.5 n . 1 1 0 7  
4 . 3  f l . 1 0 3 9  7. I O I - f .  
n. 1137. 
4, ' )  n.0977 1. i n l o  
15.0 0.2039 0. 2 1  16 
288,7"K (60°F) 
11.5% RELATIVE HUMIDITY 
.I 
I I I I I l l l l  I I I I I I I -1 J.OI 
0 I 0. IO 0. 
FREQUENCY (kHz) 
288,7"K (60°F) 























.7555  1.7304 
I .  9642 
,6476 1. EG43 
.5324 1.50n5 
.4151  1.4173 


























































1 1 I I I l l l l  1 1 I 1 1 1 1  







39,8% RELATIVE HUMIDITY 
288.7"K (60°F) 
M'& RELATIVE HUMIDITY 
I I I I I 1 1 1 1  I I I I I I I  
I 0. 
FREQUENCY (kHz) 
TP'Jpl.:RA'l'IIHF: = 2 8 a . 7  h P.ELAl~'4E: WU~"Il>ITY = b0.2  $. 
PRsnHPyrlru nt.' SOIJNl? IN A I H  
FrFollEr!CY LIFASIJREU AHS 
f r u Z )  ( D 9 / b ' )  fL)B/P) 
1 0 11 , 0 3 . 0 4 0 3  3.1420 
95.0 2.R475 
w . 0  











6 7 . 0  
2. t094 
1.9894 
6 3 . 0  
2.ORtl 










4a.f '  
4 5 . 0  
1 . 4 0 4 5  
1 .32.36 
82 .U  
1.4047 
1.7107 I .  30C5 
4n.n 1 . 1 5 4 4  
37.5 
I. 23 7 9  
1 , 1 8 0 9  
3 5 . 4  
1.1511 
1.101b 1 . 0 7 6 ~  
3 3 . 4  




7q.7 0 9529 .3.365? 
3 . C 3 3 h  
211.0 (!.TI356 
76.. 5 0.7265 
3. ncr9 
25.0 n.h7eY 
2 4 . 0  n . 6 4 1 ~  3.6656 
2 1  .o 
22.0 0 . 5 5 3 1  q. 5675 
0.5139  3.52e7 
0.41324 0.4901 
0.1431 
1a.o 0 . 4 1 0 3  
Q.4519 
7.4141 
1 7 . 0  0.3702 3.3770 












Q . Z O C 3  
1 l l . h  0.1627  3.1651 
0. 1824  





0 .  1 3 5 1  
R.5 
9 . 0  
O . l l l 8  
n.0993 







6 . 3  
0.07C3 
5 .9  




5 . 6  0,0504 







0 .0322  0.0385 
4.2 













60,29, RELATIVE HUMIDITY 
1.0 I 0. 100. 
FREQUENCY (kHS 
288,7OK (6OoF) 
69.73 RELATIVE  HUMIDITY 
1 I I I I I 1 1 1  1 I I I I I I lJ .01 
0 IO. 100. 
FREQUENCY (kHz) 
AHSCIHP'I'ION OF SOUND IN A I R  
TEMPERATIIRE ~ 2 8 8 . 7  h RE:LLTIVE HUMIDITY' =. 7 9 . 3  % 
FREQUENCY 





1 0 0 . 0  3 .5265  3 . 5 5 0 1  
3.3175  3.354'1 
3 . 1 2 0 5   3 . 1 6 2 8  
2 . 5 7 3 0  
2 . 7 8 4 9  
2 .5974  
2 . 4 4 1 4  
6 3 . 0  
2 . 2 9 t 6  
2 . 1 0 4 5   2 . 1 4 4 6  
56 .0   1 .8467  I .  8140  
5 0 . 0  1 .5857   1 .6359  
45 .0   1 .4139  
1 . 5 5 5 1  
l.'t3tf, 
42 .0   1 .2722  
40 .0  
1.30A5 
1 . 2502  
3 1  m 5  
1 . 2 2 5 0  
1 .1981   1 .1201  
35 .4  
33.4 
1 .0990  
0 . 9 8 9 3  
1 .0317  
0 . 9 4 1 5  
31 .5   0 .9141  0.  e678  
29 .7  
28.0 
0 .8375  
0 .7378  
0 . 1 9 2 9  
2 6 . 5   0 . 6 7 1 5  
'3:7221 
0 . 6 6 1 1  
2 5 . 0  
24 .0  
0 .6047  0.60 17 
22 .0  
0 .5612  3 0 . 5 6 2 3  
0 .4816  
2 1 . 0   0 . 4 5 0 8  
0 . 4 8 5 5  
20.0 0 . 4 2 2 9  
( 9 . 0   0 . 3 7 6 1  
0 . 4 1 1 9  
0 . 3 1 6 5  
18.0 0 . 3440  
1 7 . 0  
0 . 3 4 2 2  
0 . 3 0 1 8  
1 6 . 0  
0.30A9 
0 . 2 7 0 0   0 . 2 7 0  
15 .0  0 . 2 3 2 4   9 . 2 4 6 3  
1 4 . 0   0 , 2 2 0 9   0 . 2 1 1 1  
13.2 0 . 1 9 3 2  
12 .5  
0 . 1 9 4 0  
0 . 1 7 1 4  
1 1 . 8   0 . 1 5 2 5  
0 . 1 7 6 1  
11.2 
0.15R3 
10 .6  
0 . 1 4 4 9   0 . 1 4 3 7  
0 . 1 2 8 2   0 . 1 2 9 1  
10 .0   0 .1127  
9 . 5  
0 . 1 1 6 3  
0.1034 
9 . 0   0 , 1 2 3 2  
0,. 1 0 5 7  
8 . 5  0.0894 . 0.0860 
0 . 0 9 5 6  
8.0 0.075S 
7 .5   0 .0671 
0 . 0 1 6 9  




0 . 0 6 1 7  
0.054i 




0 . 0 4 9 6  
0.0135 
5.6 0.0421 
0 . 0 4 4 1  
0 . 0 4 0 2  




4 1 2  
o.om 0.0215 o.om 6.0255 
4.0 0.Ollb 0.0226 
95.0 
9 0 . 0  
9 5 . 0   2 . 9 4 8 5  
R O . 0  2.ROll  
7 5 . 0   2 . 6 0 5 6  
7 1 . 0   2 , 4 2 7 6  
6 7 . 0   2 . 2 8 3 1  
. 59.0 1 . 9 5 7 2   1 . 9 q 0 8  
53.0 1 . 7 1 1 7   1 . 7 5 0  
48.0  1 .525U 





1 I I I I 1 1 1 1  1 






I .  
r 
i% 
TEMPERATURE 8288.7 K RELLTIVE H U M I D I T Y  = 89.3 8 
A B S O R P T I O N   O P - S O U N D  IN,AIR 
MEASURED 106 P R E D I C T E D  











































n .0771~  





























l . l e 9 6  
n.se94 
1.0P04 
0.9035 r). 8231-1 
0.7470 
0 . 6 9 8 4  
0.61 e4 
0.5599 
0 .5218  
0 . 4 4 e l  
0 .4127 
0 .3440  
0.3127 
0.2P17 
0 .2520  
0.196P 
9.1764 
0 .1031  
0 .1594  
0.1172 
0.125P 





9. O t  Ch 














89.34, RELATIVE hJMIDITY 
ABSOHPTTCIY OF SOUNO IN A L H  
TEMPERATURE 1294.3 K RELATIVE H U M I D I T Y , =  0 .0  I 
FRERIIENCY MEASURED ABS PREDICTED 
(KHz1 (DR/M) (P.?/M) 
100.0 1,6008 
90.0  1.4596 
I .  hC?1 
80 .o 
71.0 n.9573 
I . 0 3 9 0  1 . 4 2 t 5  
63.0 0.6578 "..hS71. 






















3 . 0.73 9 
9. 065.5 
18.0  0.0574 
1h.O 0.0395 
n . n 5 7 1  
0.0424 
14.0 0.0346 
12.5  0.0253 
?.03?R 
11,2  0,0?21 0.0215 





9.0 0.0145 ?.0144 
0.0159 




7.5  0.0105 
3.0117 
7.1 





6 . 3  0.0078 0.0079 
5.9  n.0074 0. C070 
5 , b  0,0062 
5.3 0,0056 0 ..OO 59 
3.0064 
5.0 0,004L1 0 . 0 0 5 4  
4.8 0.0093 cl.0051 
4.5 0.0058 O.OC1+6 
4.0 0.0030 0.-00'40~ 
1 . ?.?.: 8' 
?.e?aY 
were not taken at the  missing  frequencies. 
Additional  data is given in Appendix A.2. Measurements 
1.0 
294.3'K ( 70'F) 




TEMPERATURE m294.3 A RELATIVE  HUMIDITY 8 10.1 I 
ABSORPTION OF' SOUND IN AIR 
FREQUENCY. MEASURED ABS PREDICTED 
CKHZ) fDB/M) fDB/M) 
100.0 1.7763 
95.0 





85.0  1.3533 
1 . 5 7 %  
80.0 
1 . 4 3 5 3  
1.2437 1 .3070  
75.0  1.1399 
71.0 
1 . l a 2 7  
1.0152 
67.0 
1 .  CAS0 ' 
0.9518 1.00U4 ' 
63.0 0.0626 
59.0  0.7758 
0 .9169  
56.0 0 7250 
0. P3P5 
53.0 0.b658 "I . 7304  









40.0 0.5058 3.5348 




0.4517 0 . 4 7 7 9  
33.4 0.4340 0 . 4 5 5 2  
31.5 0.4207 
29.7 
3 . 4 3 4 6  
20.0 0.3930 
0.  41 t l  
7 .3994  




22.0  0.3185 .I .3459 
21.0 0.3143 q. 3376 
20.0  0.2908 ?. 3 2 9 5  
19.0 0.2992 3.3215 
18.0 0.2893 I. 3135 
17.0 0.2719 
16.0 n.2684 
9 . 3 0 5 5  
15.0 0.2676 




13.2  0.2593 
12.5 0.2375 
7 . 2 7 3 5  
!?.26CS 
11.8 0.2472 7.2599 
11.2 0.2228 7 . 2 5 3 6  
10.6 0.2363 
10.0 0.2332 
9 . 7 4 t q  
9.5  0.2084 
7.7596 
0.2331 
9.0 0.2093 !?. 2260 
R.5 
9.0 n.1978 
0.2043 5 . 2 1 9 4  
3 .2102  
7.5  0.1861 0.7C 12 
7.1 n. I 822  0 . 1 9 3 4  
6.7 0.1733 
6.3 n . 1 t m  
5.9  0.1569 
5.6 0.1533 
5.3 n.1545 0.15on 
s . 0  0 .  ! 455. 
4.8 0.1453 9 .1352 
4.3 n. 1 . 2 7 ~  0. 1 2 c p  
4.2 0.1179 0.L159 




0 . 1 8 4 9  
0. 17.59 
0 . 1 6 6 1  
0.1503 
7 . 1 4 1 3  
4.0 n.1103 0.1092 
294,3"K (70°F) 
10.1% RELATIVE HUMIDITY 
I 0. 100. 
FSEQUENCY (kHz) 
294.3"K (70°F) 
19,9% RELATIVE HUMID ITY 
TEMPERATURE C294.3 K RELATIVE HUMIDITY L 30 .3  R 
FREQUENCY 
(KHz1 




2.5421  2.6410 
2.3886 2.4853 
85.0 2.2537 2 -33 63 




67.0 1 .791a I .  8505 
1.9523 
63.0 1.6854  1.7516 





t ,3609  1.4435 
48.0  1.3351  1.3967 
45.0 
42.0 





1 . 2 0 5 3  
35.4 
1 .1 t44  
1.0796 
1.1426 
33.4  l .nou8 1 .0346  
31.5 
29.7 
0 .9491  0.98 l a  
28.0 




0. e7  84 
25.0  0.1589 
0 .9315 
24.0  0.7218 0. 7491 






9 .6434  
19.0 
'3. 60.64 
0.5466  3.5687. 
18.0 1-1.5350 
1 7 . 0  





0 . 4 5 1 8  
3.41  21 
14.0 0.3862  0.3722 
13.2  0.3431 
12.5 
0 .3404  
n, 3260 
I 1  .(I 0.2982 0 .3127  0.2R54 
11.2 fJ.2805 
t0 .h  0.2573 
0.2673 
0 .2355  
10.0  n.2341 0.21 73 
9.s 0.2132 3.1991 
9.1) 
R.5 
n. 1 9 h 3  O . l P l 5  
0.1784 '3. IC43  
7.5 
a.0 0,1599 
n.1450  0.1317 
9 .1477  
7.1 0.1329 
k.7 
0.  11C4 
n.1176 
6 . 3  
n. 1'175 
n.lo4.7 
5 . 4  n, 0962 
3.0962 
0.0(153 
5.6 n.oes6 1.0776 
5.3 0.077Y 
5.11 n.0139 
7 . 3 7 3 2  
4.8 0.06AO 
?.Ob31 
0 . 0 5 8 5  
4.5 0.05.85 7.052r: 
4 .2  
4 . ( I  0.0485 
0.0514 
0.342r) 
0 .9459  
ABSORPTION OF SOUND IH AIR 
100.0 2.7082 2.8038 






0.4893  0.4913 
s 
294,3'K (70'F) 
30,3%. RELATIVE HUMIDITY 
I I I I I 1 1 1 1  I 
0 I 0. 100. 
FREQUENCY (kHz)- 
294,3OK (70°F, 
39,9% RELATIVE HUMIDITY 
I I I I I l l l l  1 I I I I I l l  .01 




49.8% RELATIVE HUMIDITY 
FREQUENCY ( k H 3  
ARSOkPl'JON I l f  SnliNL) IN AIR 
TP:YPEkATIJHF: r294.3 h CFLATIVE HUWIDITY = 60.0 % 
FHEOIIENCY E ( u u )  MFASUQLIJ ABS PRCDlCTKD 
100.0 
( U H / M )  (bq /p ,  
95.0 
3 .7989  3 . 8 7 6 7  
9 . 6 h t 7  
90.0 3.3930 3.4557 
b5.0 3,2229 3 . 2 5 2 9  
R 0 . (1 
75.0 
3.02R5 3.0470 




2 .6742  
6 7 . 0  2.5140 
63.0 
7. 5064 






2. G F 3 3  
1,9067 1.9005 
5 0 . 0  1.7572 


































14.0  0.2292 
1 3 a 2  
12.5 








0.6032 n. 51-64 
0.5C49 
0.4806 0.4656 
























9.0733 r) -0707 
6.7 
0. C640 











5.0 0.0312 0.0347 
4.5 
0.0314 0.0324 
4.2 6.0266 0.0261 









0 -05 17 
4.8 
0.0341  0.0292 
294,3"K (70°F) 
6n% RELATIVE l~UMlDlTY 
1 0 
1 I I I I I l l 1  1 I I I I I Il,.01 
1.0 I 0. IOQ 
FREQUENCY (kHz) 
TEMPERATURE r294.3 K R E L A T I V E   H U M I D I T Y  s 70..2 t 
FREQUENCY 
. A B S O R P T I O N   F . . S O U N D  IN LIR 
294,3OK (70°F) 







1.0 I 0. 100. 
FREQUENCY (kHd ,, . 
. ~. 
294,3'K (70'F) 
80% RELATIVE  HUMIDITY 
FREQUENCY (kHz) 
294,3'K (7OoF) 
89,3% RELATIVE HUMIDITY 
.I 
J 
1 I I I I 1 1 1 1  1 1 I I 1 I t I,.Ol 









100% RELATIVE HUMIDITY 
.FREQUENCY (kHz) ' ' " 
299,8'K -(8OoF) 
















cn 0 m a 
1 1 1 1 I I I I I..Ol 
LO IO. 100. 
FREQUENCY (kHz) 
' rEMPF:HA?I~HE'  =29Y.8  K RFLA'PIVE H U Y I D l T Y  = 9.7 % 
CHF(JllEIJCY 
( p H 2 1  
I~IEASLIHEI) ABS 




1.7664  1.7781 







7 5 . 0  1.4099 
71 .0  
1. 3164 
1.2622 




1.0928 1. 1 C t b  
56.0 
1 .0267  
0.9435 
5 3 . 0  
9.0701 
0,8648 
5 0 . 0  
').CjlE' 
n.7t.81 0.8653 











0 . 6 1 4 4  0.6527 
33.4 0 . 5 7 0 6  
31.5  0.5463 







2 5 . 0  0.4475 
0.4378 0.5198 
0.5509 
2 2 . 0  
21.0 0.4035 0.4R57 
20.0 0.4046 










0.3572  0.4222 
0.3528 
14.0  0,3398 
0.4073 











0.2974  0.3374 
10.b 
10.0 






R.5 0 2504 
0.2819 
8 . 0  
0.2672 
7.5 0 e 2258 
0.2392  0.2516 
0.2352 



























ARSIlHPTlUM nF SnUND I!] AIR 
PRCDlClEU 
~0.01~4.1 






0.2171  0.2714 
299,8"K (80°F) 

















TEMPERATURE 8299.U K RELATIVE  HUMIDITY = 20.2 Z 


























n . 7 ~ 9 1  











n . 4 0 ~  
0.3249 









n. I 2 6 2  








































0 . 5 E P f l  
9.5475 
?. 5060 
0 . 4 C 3 P  
0.4211 
7.3869 





0.23?7 'I. ?1?7 
0.19 12 
3.1727 






7 .  C 9 ? 7  
'1 . 37 '14 
3 .  '76 40 
O . f E 1 4  
n . 3 = 4 1  
I . .I ft 5 L 
0. e429 
299,8'K (80°F) 















1 I 1 I I 1 1 1 1  1 I I I . I  1 1 1  .a 














TEYpERATllHE 8299.8 K R E L A T I V E  HUMIDITY 3 4 9 . 8  S 
ABSOHPTIUN OF SOUND IN AIR 
FREQIIENCY  MEASURED ABS PREDICTED 
1 0 0 . 0  
r K w )  
4.2942 


















1 . 3 4 t 9  
1.2185 
1.1120 
1 . C l P Z  
3 .9151 
0.8328 
0. 7 5 3 4  
0.6C52 





3 . 3 7 P 5  




0 . 1 C 3 3  
3.1748 
?. 1571 
9 . 1 4 2 7  
3.128C' 





0 .  C677 
0. C S b S  
0.C511 
0. c459 
0. C 4 2 0  
9.EY': 
0.0351 
3 .  c 3 2 q  
9. C? 7: 
3 .02 '1  
q.745n 
n, C C ~ Z  
0. n2Yn 
299,8'K  (80'F) 
49,8% RELATIVE HUMIDITY 
1 
1.0 IO. 100. 
FREQUENCY (kHz) 
1.0 
299,8'K  (80'F) 
60% RELATIVE HUMIDITY J 
. .  IO. . .  100. 
FREQUENCY (kHz) 
299.8'K (80'F) 
70% RELATIVE HUMIDITY 
I I I I I 1 1 1 1  I I I I I I L  
0 I 0. 100. 
FREQUENCY (kHz) 
ABSORPTION OF SOUND IN A I R  
CREaUENCY  MEAS RED ABS PREDICTED 
TEMPERATURE 1299 .8  K RELATIVE HUMIDITX 8oe.O 8 
(KHz) (DBIM) 
100.0 4.6482 4.6152 
( D B B Z  
95 .0  4 3949 4.2926 
85.0 3.7908 3.6526 
80.0 3 .5013  3.3362 
75 .0   3 ,2730  3.0232 
71 .0   2 .9836  2.7759 
67 .0   2 .7746  2.5321 
63.0   2 .4912 2.2925 
59.0 2 .2435  2.0581 
56.0 2 . o e 1 4  1.88E2 
53.0 I , 8785  1.7182 
50.0 1 .6846  1.5546 
48.0   1 .6016 1.4483 
4 5 . 0   1 . 4 7 0 9  1.2933 
42 .0  ! . 3129  1.1441 
40.0 1.2277 1.0483 
90.0 4.1075 3.9716 
37.5  1 .0013 0.9329 
35 .4  0.9091 0.8399 
33.4  0 .7758 0.7559 
31 m5 0.6872 .O. 6777 
29 .7   0 .6226  0.6071 
211.0 0.5515 0 .5441  
2 6 . 5   0 . 4 7 7 5  0.49 15 
25 .0   0 .4269  0.4408 
24 .0  6.3871 0 .4ce4  
22.0   0 .3511 0.3411 
21 .0   0 .3101  0 .3181  
20.0  0 . 2997 0.29C4 
1 R . O  0 .2523  0.2387 
17 .0   0 .2243  0.2147 
15.0  0 . 1 7 6 1  0.1705 
13 .2  0.1424 0.1352 
12 .5   0 .1292  0.1226 
11.8   0 .1145 0 . l l C 7  
11 .2   0 .1072  0.1010 
10.0 0.0849 0.0831 
9 . 5  0.0761 0.0762 
9 . 0  0 ,n721  0.0677 
R.5 0 .0631  3.0635 
6.0 0.0609 0.0576 
7.5 0 .0553  0.0521 
7 . 1  0 . 0 5 0 4  0.  c479 
6.7 0 .0443 0.0440 
6.3 0 .0429  0.0403 
5.9 0 .0389  0 . 0 3 6 0  
5 . 3  0.0325  0.0319 
4 .8  0 .0327  0.02P2 
4.5  0 .0251  0.0262 
4.2 n.0261 n. 0742 
4.0 0.0230 0.0230 
19.0 0 .2729  0.2039 
16.0 0 .1972  0. 1919 
14.0   0 .1388 0.15C1 
10 .6  0,09b4  0 ,0918 
S.6 0.0358 0.0343 
5 . 0  n.n309 0. C2 S7 
299.8'K (80°F) 
80% RELATIVE HUMIDITY 
I I I I I I l l l  I 1 I I I l l  
I 0. 
FREQUENCY (kHz) 
299 I 8'K (SO'F) 
89,7% RELATIVE HUMIDITY 
1 1 I I I 1 1 1 1  I I I I l l 1  
FREQUENCY (kHz) 
1.0 I 0. I( 
i 
TEMPERATURE 1299.8 K RELATIVE HUMIDITY .100.0 Z 
ABSORPTION OF SOUND IN AIR 
CREOUENCY NEASURED ABS PREDICTED 
(KHz1 (DBIM) (DB/M) 
100.0  3.9037 4.4749 
3.7077,  4.1285 95.0 
90.0  2.9711 3.7875 
85.0 2.9081 3.4526 
80.0 3.6610 3.1249 
75.0  2.9856 2 . 8 0 5 1  
71.0 2.6719 
67.0  2.4628 





2.7272 1 . 8 5 1 5  
56.0 









1 . 3 7 5 3  
15.0 
1 . 2 1 t 7  
1.3452 1.1342 





0.91 7 2  
O.8C89 








2R.Q  0,4997 




2 4 . 0  0.3730 
3.3779 
22.0 
C. 3 5 C 1  
0.3304 0.2575 




19.0  0.2313 0.2763 



















o.og79 3. c575 
11.2 1).1002 
10.6  0.0944 
O . W ' ; 3  
10 .0  
.I. ')I? It 
n . n 7 ~ ' 1  
9.5 0 . ~ 5 8  
0.07'13 






a . 0  
n.n701 
0.0574 
1 I I I I I l l 1  I 1 I I I I I  
1.0 IO. 100. 
FREQUENCY (kHz) 
305,4'K (90°F) 
0% RELAT I VE HUM ID I TY 




. .  . , . . .  . . . .  
305.4"K (90°F.); 
10.6% RELATIVE HUMIDITY 
1 I I I I l l l l  1 I .  1 I I I 1 1  











I I I I I I 1 1 1  I I I I l l 1  
-1 
0 I 0. 100. 
FREQUENCY (kHz)' ' ' 
1.0 IO. 100. 
FREQUENCY (kHz) 





3 .8 .390  
3.6189 



















(1 :613 1 
0.6236 
0 . 5 3 3 6  
0 . 4 9 7 2  









0. 1.7 45  















o.agog . . . *  




I l > R / " )  
4. 7341 
4.1Oq5 
4. 46 14 
3.0290. 
3.6577 
3 . 3 0 2 7  
3. l f ,04 
? . 9 3 5 V  
z .  7P9? 
2 . 3 0 9 4  
? . f , ? ? l  
?.I?.:!> 
1 .9620  
1.6763 
1 . 1 1 4  7') 
1. ' 0 6 4  
1.3rn4'r 
1 . Z j t F .  
1 . 1 4 3 1  
'1.<:591 
1. C?7? 
3 .  t!4 77 r). 765" 
3 . 6 9 5 7  
0. C2h3 
5 . 4 5 7 9  
0. S F Z h  - 

























0 .0273  
0.02$1 
0 . 3 1 ~ 4  
n. 1 s u  






50% RELATIVE HUMIDITY 
0 
1 I 1 I I I l l l  1 
0 IO. 100. 
FREQUENCY (kH3 
305,4'K (90°F) 
59.89, RELATIVE HUMIDITY 
-I 
1 I I I I l l l l  1 
















E! - 1 .  
1.0 IO. 100. 
FREQUENCY (kHz) 










































STANDARD DEVIATION 0,116511 
PAKAHETER A 8 24.00 HZ 6 I 18.40 
ABSOLUTE HUUXOITY = 0.378449W01 
305,4" K (90" F) 
79,63 RELATIVE HUMIDITY 
~ IU. 
1 . .  
I I I I 1  I I I l  1 I 1 I I 1 1 1  .01 
0 . IO. 100. 
FREQUENCY (kHz) 
ABSORPTION OF SOUND IN IIIR 
TEMPERATURE ~ 3 0 5 . 4  K RELATIVE HUMIDITY 89.1 % 










































































0. l 9 c e  
3.1781 
3. ~ e 2 e  

































1 1 I I I 1 1 1 1 .  1 . . .  I I I l;.>ol 
1.0 I 0. 100. 
FREQUENCY (kHz) 
I- z w 
IL 
Ir, 
W .  
0 
0 
TEMPERATURE r305 .4  K RELATIVE HUMIDITY r1on.o z 











1. I ? ? ?  
42.0  1.n856 




37.5  0.7641 
!!. s r c "  
35.4  0.6910 
0.7071 
33.4  0.5986 
3 . 6 7 L '  
3.57r-4 
31.5  0.5677 
29.7  0.4771 
q.5112 
2 R . O  
0.45 "1 
0.4222 
26.5  0.3851 n .;7 c'; 
3.4lC4 
25.0 
24 .0  
0.3733 0.3333 
22.0 0.2674 














0. l d E 4  
15.0  0.1606 
7.1521 
3.1361 
14.0  0.1336 
13.2 0.1237 
n. 12 2 4  
12.5  0.1097 
3.1115 
11.8  0.1071 
0.10?6 
7.0941 







9.0  0.0614 
0.9695 
3.9G4C 
6.5 0.0591 ?. S6C4 
8.0 0,0619 










5.6  0.0381 
3.04C7 




4.8 0.0318 3.0339 






k.0 0.0306 0.02')2 
c. C3F4 
MEASURED ABS PREDICTED 
0.0847 9 . O R O b  
305,4"K (90°F) 
100% RELATIVE HUM] D I.TY 
FREQUENCY (kH3 
310,9"K (100°F) 
0% RELATIVE HUMIDITY 
? 
1 I 1 I I I l l l  I 1 I I I l l  




T I ~ H P E H A T U H E  0310.Y K .HELATlVE H U M I D I T Y  = 10.1 % 
ARSnRPTIUN  OF SOUND LN 41R 
FHKOIIENCY MEASURED 4BS PREDICTED 
(KHZ)  (L)B/M) (DR/M,) 
.2.7381 . . 
2.5353 
? ; r , Q 7 4  
?.P.?lf, 
90.0 2.4484 ?..'.f 7' 
~ 5 . 0  2.2751 








? . 1 2 4 Q  
bJ.0 
?.O??O 












t ,5494 I. 5 7 5 7  
1.4373 L.SC71 
42.0  1.3264 
40.i) 
1.4? 7 5  
1.2007 1.3903 
35.4 
37.5 '. 1.2284 
1.16R9 
1.32C7 
3 3 . 4  1.1189 
1.2770 
31.5 1   . o m 7  1.17'9 
29.R 1.0354 1. 1 2 1 4  




0. R797  0.9775 
1 . 1 7 3  
22.0 
24.0 0.R552 9 . 3 3 7 5  
2 1  .o 
0.8112 
0.1766 
3. so 3.3 













0 . 5 5 5 9  
14.0  0.5303 
13.2  0.5017 
7 . 5 1 1 2  
12.5 
0.47 It 
0.4649  3.4366 





7 . 3 7 1 4  !?. 54 14 
10.0 
9.5 





8.5  0.2749 
0 . 2 6 3 C  
!J.2?.94 













5.3 0.1284 3. lC5l 
5.0 0.1140  0.0947 
4.8 
4.5 










1 2 2 4 3  
20.0 0.7486 
0.6897 
. .  
/ 
.o, 
1.0 IO. 100. 
FREQUENCY'(kHz) . 
310.9"K (100°F) 
2015 RELATIVE  HUMIDITY 
.' /.r" 





30,2X RELATIVE H U M I D I T Y  
-THEORETICAL  LINE 
1.0 IO. 100. 
FREQUENCY (kH3 
310.9'K (100'F) 
40% RELATIVE  HUMIDITY 
FREQUENCY (kHz) 
,310.9'K (1OO'F) 




1 1 I I I I I l l 1  1 I I I I 1 1 1  .01 
1.0 I 0. too. 
FREQUENCY (kH3 
310.9'K (lOO°F) 








79.8% RELATIVE  HUMIDITY 
1 
1 I I I I l l 1 1  I 1 I I I I l l  .01 
1.0 I 0. 100. 
FREQUENCY (kHz) 
310,9'K  (100'F) 
89,2% RELATIVE HUMIDITY 
310,9"K (100°F) 
100% RELATIVE  HUMIDITY 
F?EQI!ENCY {kHz) 
.LJ I I I 
A,2 A .POINT BY POINT COMPARISON OF MEASURED VALUES OF TOTAL 
ABSORPTION IN ORIGINAL RUNS AND CHECK RUNS 
Table A . 2 . 1  Comparison of Measured  Values of Total Absorption 
In  Dry A i r .  The comparison i s  between  an  original 
run made a t  top  da te  and a check run made on a 
different   gas   sample on the  bottom  date.   Values 
a r e  i n  db/m. 







Difference 2.29  1.64 
Average 
Arithmetic 
Difference 1.38  .41 







































































277.6  283.2  294.3  299.8 ~~, ~ " ~ - ,  , . 
12 /12 /75   12 /10 /75 ]   12 /5 /75  ] 1211817 
1/26/76  5 /18/76  12/8/75  312217 
.127 I .131 1 " 1 3 1  I .144 
.134 I .129 1 .135 I .135 
.145 1 ~ ,138. J~ ~ - 1 4 8 ~  .1z 
.152  .153 
.195  .207 
.198 
. . .2 19- .??! ~ . -. ~ .220  .229 
.2 74 .2 89 .280  .291 
.336  . 40 .. " - 3 4 1  ~ .357 
.332  .340  .349 ~ .345 
.404  .396 " .418 
.397  .388 " .415 
~~ 
.280  -275 ~~~~ .236  .288 
~ 
;508"-1" " ~ -523  
.877 " -.1. -- " 
.849 
1.27 " " 1.28 
1.16 " " 1.25 
1.68  1.69 
1.65 " " 1.89 
2.20 " " 2.41 
2.25 " " 2.40 
2.54 " " 2.67 
. "_ .~ -~ " " " 
~ ~ - ~ -  ~ 
" " 
~~~ 
2.58 " ~- " 






































Table A.2.2 Comparison of Two Runs Made on Air  at 299'K and 10% RH. 




95 I 2.91 I 2.84 










APPENDIX B COMPUTER  PROGRAMS  USED I N  THE  STUDY 
The symbols used in  the  fo l lowing  programs d i f f e r  from those used 
i n   t h e  body of t h e  text due t o  t h e  l i m i t a t i o n s  on symbols a v a i l a b l e  i n  
FORTRAN and BASIC. Whenever p o s s i b l e ,  t h e  v a r i a b l e s  i n  t h e  programs 
are simply the upper case equivalent of t he  terms i n  t h e  text. When 
the  t ex t  u ses  Greek symbols, v a r i a b l e  names were se l ec t ed  which corres- 
pond t o  t h e  meaning of  the Greek  symbol. When the  t r ans fo rma t ion  to  
capi ta l  letters did not  seem obvious,  the symbol is e i t h e r  d e f i n e d  i n  
the  program by means of a comment ca rd  o r  is def ined  in  the  wr i teup  
preceeding the program i n   t h i s  appendix. 
L i s t  of Programs 
B . l  Program Used t o  Acquire and Analyze Experimental Data 
B.2 Program Used to  Correc t  Data f o r  Tube Losses 
B.3 Subroutine AIRAB Used t o  Compute Pure Tone Coeff ic ien ts  








B, 1 PROGRAM USED TO ACQUIRE AND ANALYZE EXPERIMENTAL DATA 
2 PRINT  "PRESURE<TI ' 5  READlNGl"I\INPUT  O\PP142 "X-H'S GAIN*'J\IYP'.'? 
28 GOSI.16 1 9 1 2 8  \ G O  TO 32188 
1 9  PPlNT \RETURV 
38 PRINT ".UrJLQCK MIC L CLOSE E 6EFORE C1PCLLATIO!i- "I 
32 PRINT " C O N t l .  ' 0 ' * ' i \ r a P u r  0 
34 l?ETURJ 
36 PRINT '*. OPEN IJALIJE-6 > LOCK THE HlC, THEN '+?'";\INPOT 0 
38 9ETUP.V 
396 1 1 9 5  
18008 I F  F3.DZr.7*F5 T H M  28818 \G9-1\GO TO 2 8 0 1 2  
19888  PCI  
19818  PSlYT "RSEET FOR  TEMP. ?EADING.THW *CHIC*' 
19812 IXPOT J 
19020 GOSUB 19068 
19021 11-800 







FOR 1 x 1  TO J\GOSUB 1912e  

















2 7 5 m  
2 8 ~ 1 2  
288 1.4 
288 I 5  






\ F  G9lG8 THEN 28014 \GOSUb I9200 \INPUT 0 
G8-G9\lF G9-1 ?hLV 28018 
I F  F3.Dz1.3,S.Z THE< 28016 \CALL  *'COXT""A90AE" 
CALL  **CO!JT"'*A60AS" 
G O  ?O 28028 
CALL  "CO:J?""A20AE'* 
CALL "L'AIT"\CALL .'*CO~JT''"A08lE~' 
PPINT " *SET FDIC. c 13."; 1 3  
' \GO '0 28820 
2 8 0 3 0  FOP X-0 TO C0 
28032 CALL "GATI"(0) 
28034 N E X T  K 
28840 FOP X - C B - 1  TO 1023 
28050 CALL "DATl"(Y(l054-io) 
28061 CALL  "COXT'"'A00Fb" 
28070 CALL **VAlT" 
26100 A9-1.8 
26205 I F  F4.4 T i i W  29000 
26110  GI=.3\J3-0 
28218 J3=4\C8=CC+4 
28215 V ( 0 ) 3 Y ( 2 ) * V ( 3 ) * Y t 4 ) + Y ~ S ) * Y ~ 6 1  
28220 FOP . < = I  TO 1021-CE 
28230 Y ( X ) = Y ( ~ - I ) + Y ( X * 6 ) - Y I x * l )  
29000 ?EM E J L  OF ItlOOTh F'YCTIO 
28240 NEXT .< 
29818 FO? 1.8 TO I821-C~\A0=AR*Ytl) \UE~T I 
29805 A a = E \ A I = B  
59012 kE=A9.F3r.3rAElF4/(90C-C0) 
29020  QCL)=AZ\AI=hE 
29030 FOP M-I TO ?9+7 
29849 ? ( 0 ) = 0  
59055 G O  T3 29300 
29050 I F  YCJ)rhE ThL4 29848 \ I F  Y t J - l ) > h E  ThEY 2932'2 
29870  C(M)IY(.J) 
29160 I F  Y < J ) < = E ( F )  ?hE4 29300 
29080 P ( l I )= lE24-J - J3  
29380 :.ISXT J 
29320 :X=J+ I 
29400 A a = 8 \ l = l  
29482 FOn J = I  TO :!\A0=hZ+(ZtJ)\:JE:<T  J\nB=HB/M 
29404 FOn J = I  TO Y\lF  C(.J)--5*AIcGI*AE ThEJ 29405 
59405 P l l ~ = P ~ J ~ \ l = l * l  
29401 : f€XT J 
29487  G2=0 
59488  W=l- l \ lF  IWP9 ThLV 294a9 \M-P9 
29418 FOD J = I  T3 X 
29412   PO=m(J - I l -P ( J )  
29414  ??NT  P0; \ IF  P E S 1 3  ThN  29420 
29415 I F  J = Y  T H 3  29420 
29416 ? P I Y f  "DO'JELF ~FA<SI!";\C2=1 
29420 O = ? ( J ) l ~ L t 2 E * J ) - 8 . 4 8 5 6 9 ~ L O G ~ O )  
29422 I F  J X I  T h 3  29431 
29424 I F   ? 0 - P ( J - 2 1 + ? < J - I 1 < 1 5  ThEJ 29432 
29425 G2-1 
29438 NEXT J 
2942b P'IXT '*(Ch:< P A S  nT";P(J- l ) :P( .J) i")" i  
29436 ? D I N T  "3(I)~Al:";G(I);Al\~SIYT "28106 A9"*;A9 
29435 IF G2e-l THC4 29440 \ P O I S T  
29440 ? I = Z - ? C 2 l )  
29450 I F  M - 1  ? t i 3  3212e  \?3=F3+.0l.DZ\GO TO 32140 
32120 PO9 J = l  TO :3 
32122 ? ( J ) - J  
32129 !J€YT J 
32126 GOS'IS 27508 
32148 PLY 
32142 I F  A6S(F3-45.5/D2r.5)>l THLV 32150 
32150 ' J ( 0 ~ 1 3 ) = F 3  
32144 PRIXT '*.CHX MAG, PlCXUP ThF3 ' e ' - ; \ l N ? V T  0 
32155 Y ( I . l 3 ) - l l  
32170 13-13+1 
32162 V t 3 , 1 3 ) - D 2  
32175 P P l l T  
2 m s 2  r d z x ?  x 
29115 : < = I  
29848 FO- J=:: T O  l a z l - c e  
29305 n = ~ - r \ o o  TO 2 9 4 e ~  
29348 :IFYT M 
29409 P ( ~ I = ~ . P ( I ) \ I F  ~ ( 1 ) , 3 9 e  THEN 29418 \ ? a m ?  -I I C T  o m .  W:.E* 3 7 1  I 
32166 ~ ( 2 ,  1 3 ) = : 3  
3 ~ 1 6 e  PPI:f? '*.GY"; 
32192 I F   F c r 2 0  T H M  32200  \F-20.25\GO TO 21022 
32190 INPUT F 





















. . .. . . -. . . -. . . . 
P 3 I N T  " M E A S V P M N T  S T A R T E D  AT.'; VI;  ": '*i U21 
P R I N T  " COIIPLETED AT"; U3; " I  "i U 4  




,, ,,.-. ,. ..... .... _ .  . 
B,2 PROGRAM USED TO CORRECT DATA FOR TUBE LOSSES 
C 
1 
I O  
5 
THIS PROGRAM CORRECTS  MEASURED AIISORPTIOM ?OR TUBE LOSSES 
PRINTS OUT RESULTS ALONG YITH RESULTS  PREDECTED BY PROP081 
51-51 STANDARD. 
40DBM I AMPLISUOE ABSORPTION  COE?IICILNT 1 M  DBf METER 
OM ACOUSTIC PREOUENCY 
P = AMDICNT PRrSSURE IN ATMOSPHERES 
PI = S4TURATEU  V4POR  PREISURE TOR MATER IN ATNOSPHERES 
T = TEWPERATURE IN DLGRECS  KELVIN 
TF = TEMPERATURE I Y  OECREES ?AHRENHEIT 
lllVEL = WAVELENGTH or SOUND WAVE 
RH=RCLATIVE HUMIDITY  IN  PERCENT 
A818MEISURED  ABSnRPTION  USING  FIRST  PEIK  HEIGH? 
A82=MEASIIRED ARSORPTION  USING  SLOPE Or SHE  DECll PASTERN. 
DOUBLE  PRECISION DT,nV,DCF,DALrA,ALTAP 
DIMENSION P ~ 2 0 0 l ~ A R 1 ~ 2 0 0 ~ ~ A 8 2 o r F 1 ( 1 0 0 ~  



















C THIS PRDGRAH CDHPUTES TUBE  ABSORPTION 
DIMEHSIDH A R X ~ 3 ~ ~ A I X C 3 1 ~ 8 F O R O ~ r B r O L ~ 3 1  
DIWEHSIDH RBR(3)~R81~31rBF1RC31~BF11~31 










































no 20 1=1,30 
cnsx=m/r.A 
.DO














cn r n  7 b  
26 
30 
4 0  
42 























ThlS PRCGPAP  CALCULATES  THE ABSCRPTlfl?. OF SCUhn I& AIR AS A 
FULCTlOh  CF TEYPEPATUPE,  HUnIDITY, PPESSUPE. AND FREQUENCY. 
ThF  PPCGPAP  SkCULO  NOT  BF USED Cl l IS l f lE  THt  1EPPEPATUPI  PANGE 
OF 0 DEGPEES F (-20 DEGREES  C) TPhnllGH 104 EEGPBPS F 
(40  DEGPEES  C) 
18RBN = AlPLIlUDE  ABSORPTION  COEFFICIEhI Ih Eel PE1k.R 
AEDlSC = APFLIIUDE AQSORP'IION CCEtFIClEhl I h  EBISECCNDS 
AkCBTF = APFLIIUDE  AESORPlhlN  CCF-FFICIfNI Th CW1000FLEl 
AFLAP = APPLIIUDE  AQSURPTIOH  COLFFICILLT FFP hAVI:LFNC.IH IN NEPFPS 
CF 5 ACCUSTIC  FRECUENCY 
ALPHA = APPLIlUDL  ABSORPTION  COEiFICIEHT I N  TEPEPS  PEP  PETER 
PS 5 SAIUPAIEC  VAPnR  PRESSURE  FCR YATEP Ih ITPOSPBEPLS 
P AYUlEhT PFESSUPI IN AThUSPHERES 
T TEYFEPAIUFF IN DEGPEES KELVIN 
TC = TEPPEPbTCPE IN  DEGREES  CENIIGPADE 
TF = IEbPLPbTCRE 1Y DESPEES  FAHPENHEII 
nAVLL I LAVELtWGTH  OF SflllhD Y A W  




TF = IC*1.8+32. 
VCL=343.4.SCRI(TlJ 












A L P H A ~ A L F E A ~ ~ . ~ ~ ~ ~ E - ~ / T ~ ~ P O ( ~ ~ ~ ~ . / T ~ ~ ~ ~ ~ E X P ~ - ~ ~ ~ ~ ~ ~ T J  









B , 4  PROGRAMS USED TO COMPUTE BAND Loss COEFFICIENTS 
The following programs perform the in tegra t ion  requi red  i n  equation 
6.5 o r  6.33 depending on whether the slope of the input spectrum (SB) o r  
received spectrum (SBP) is known. A br i e f  desc r ip t ion  o f  t he  terms used 
fo22ows . 
Subroutine SPCTRM (SB, RF, M) 
where 
200 
SB = +ope  of  input  spectrum/bandwidth  (db/bandwidth) = change  in 
1/3 
spectrum  level  over  the  band  of  interest 
RF = r = ratio  of  center  frequencies  for  successive  band r = 2 
for  1/3  octave  bands 
M = slope  parameter  returned  by  the  subroutine  (equation  5.13) 
For  the  purposes  of  this  report, we will  assume SB, hence M, is a constant 
over  the  band.  However,  for  other  applications,  one  might  want  to  allow 
M to  be a function  of  F.  Subroutine SPCTRM requires  as  input WI, FI, SB, 
and F and  returns M. 
Subroutine ABSORP (FJ, T, RH, R, RF, B ,  N, AJ) 
where 
FJ = lower  frequency  of  the  band  segment  under  consideration, Hz 
F = any  frequency  in  the  band, Hz 
T = temperature, OK 
RH = relative  humidity  in  percent 
R = propagation  distance, m 
FW = r = ratio of center  frequencies  €or  successive  bands, r = 2 1/3 
for 112 octave  bands 
B = number  of  segments  into  which  the  band is divided 
N = slope  parameter  for  the  absorption  curve 
AJ = atmospheric  transmission  at f = 10 J -a(f  .)R/10 
j 
Subroutine ABSORP is based  on  the  theory  and  measurements  described 
.earlier,in  this  report  and  calls  subroutine AIRAB which  compuces  pure 
tone  abssrption  coefficients.  The  subroutine  requires  as  input  FJ, T, 




Subroutine FILTR (FI,RF, B,  FJ ,  K,  TJ) 
where 
FI  = center frequency of t h e  band under consideration, Hz 
K = slope parameter  for  the f i l ter  under  considerat ion (equat ion 6.23)  
T J  = t ransmission of f i l t e r  a t  frequency f 
j 
Subroutine FILTR w i l l  depend upon the  type  of f i l t e r  employed.  For a per- 
f e c t   f i l t e r ,  w e  can set K = 0 and T J  = 1 f o r   f i 6  ’> f > f . / f i  and T J  = 0 
outs ide  these  limits. For a more realist ic f i l t e r ,  a descr ipt ion such as 
tha t  g iven  in  equat ion  6.21 is requ i r ed .  In  th i s  r epor t ,  w e  w i l l  be  con- 
cerned primarily with an ANSI Class I11 1/3 Octave Band F i l t e r  desc r ibed  
by equation 6.21 or a pe r fec t  1 /3  octave band f i l t e r  d e s c r i b e d  by equation 






Subprogram  BANDL  (FI, R, RH, T, RF, SB,  BL,  DELTA,  CODE) 
Where 
BL = band  loss  in  db = ALi 
DELTA = difference  between  band  loss  and  absorption of a pure  tone  at 
. .  
band  center = ALi - a(fi)R 
CODE = a flag  to  indicate  if  the  integral  converged 
The  terms  FI, R, RH, T, RF, and  SB  must  be  read  in or supplied  by a driver 
program.  The  subroutine  calculates  the  band  loss  BL  and  DJXTA  when  the 
source  spectrum  slope is  known  by  evaluating  equations 6 . 2 7 ,  6 . 2 8  and 
6.29 .  First,  the sums are  evaluated  setting f = fi/& and  working  up 
to f = fi& . For  convenience  let  us  call  the  sum i b+l 
b b 
1 B.(R), BI and 1 Bj(0), BOI. 
j-1 J j =1 
Next,  the  sums  are  extended  one  segment  at a time  to  include  the  filter 
wings  until  the  contribution  from  any  one  segment  gives  BJ e 10-4BOI.
If  the  filter is down  to  the  noise  floor (75 db)  before  this  condition 
occurs,  CODE is set  equal  to 1 which  indicates  measurements  under  these 
conditions  can  not  be  considered  valid  since  filter  noise  contributes 
significantly to.the measured  result. 
203 
C 




























SET CCDE.1 IF NOISE  FLOCP REACHED REFOPE COLVEPGLNCE 
PETUPh 
END 
Subprogram BANDLP (FI ,  R, RH, T, RF, SB, BL, DELTA, CODE) 
where 
SB = slope of received spectrum level i n  db/ 113 octave 
and the  o the r  terms are defined above. The subrout ine calculates  the 


































Driver Programs : 
Various driver programs using the subroutines above were developed 
for  spec ia l  purposes  i n  this  s tudy.  There were th ree  d r ive r  programs 
most frequently used. The f i r s t  of these  genera tes  tab les  of band 
c o e f f i c i e n t s  i n  terms of the source spectrum slope. This program, 
a l l  those which follow, requires no input.  The program i n t e r n a l l y  
ments temperature, relative humidity, and propagation distance and 






















The  following  program  generates  tables  of  band l o s s  correction 
















1 5  
PROGQbM TC CALCULATE  ARSORPIIGN  OF A MANE 01 N01IC. 
INPUT RtCblFFO INCLUDES  RELATIVE  HUUlDITY,TEYPfRAlUQ~, 
SOURCL fiOLLCFPoAYD  PROPAGATION  DISTANCE. 
STEP  FUKClICN TO GEYERAlf  CEYILE  FRLCULNCIES OF 1/3 OCTAVE BAYOS 
FNO 
The  third  driver  program  computes  differences  between  attenuation 
at  some  temperature  and  relative  humidity  and  the  attenuation  over  the 
same  propagation  path  under  standard  conditions  of  temperature (T ) 




















APPENDIX C - TABULATED LOSS COEFFICIENTS FOR  BANDS OF NOISE 
C , 1  TABLES .OF BAND Loss CORRECTIONS (A) 




T =  
R H =  
F =  
A(F) = 
A =  
- 
Find 
of symbols used elsewhere i n  t h i s  r e p o r t .  
. .  
Source Spectrum Level Rolloff, dbk 1/3 octave. 
Received  Spectrum  Level  Rolloff,  dh/  1/3  octave . 
Temperature of Atmosphere 
Relative Humidity 
Center Frequency of Band, Hz 
Pure Tone Absorption Coefficient a t  F, db/m 
Band Loss Coefficient - A(F) x Propagation Distance, db 
Correction Factor, db = value given in t a b l e  
I .  
. ,  
. .  
; Example Calculation 
Band Loss Coefficient for and ANSI Class I11 1 / 3  Octave Band 
F i l t e r  ( s ee  equa t ion  5.21 with a center frequency of 50 kHz, a propagation 
d i s t ance  of 20 meters, a t  a temperature of 298'K and at 70% r e l a t i v e  
humidity. Assume the source spectrum level  rol ls  off  a t  2 db per 1/3 
octave. From t a b l e  C . l ,  A(50 lcHz) = 1.6946 db/m x 20 meters -3.56 db 
= 30.33 db. 
page 
Table C . l  ANSI Class 111, 1 /3  Octave Band F i l t e r , f o r  Known Source 
Spectrum. . . . . . . . . . . . . . . . . . . . . . . . . . .  210 
Table C.2 Perfect  1/3  Octave Band F i l t e r  f o r  Known Source  Spectrum. . 214 
Table C. 3 ANSI Class 111, 1 / 3  Octave Band F i l t e r  f o r  Known Received 
Spectrum. . . . . . . . . . . . . . . . . . . . . . . . . . .  218 
Table C.4 Per fec t  1/3 Octave Band F i l t e r  f o r  Known Received  Spectrum. 222. 
209 
n 
Table  C.l ANSI Class 111, 1/3  Octave Band Filter  for Known Source  Spectrum 







































































SB = 0.G 
PPEO 1111 














8OOCO.  3.0515 ...i.. +.........+. 
















-2.50 99.99 ..............+. 
C E / T H I P D  OCTAVE 
5 10 
5 10 











-0.24  -0.57 
- 0 . 6 8  -1.80 
-1.18 -3.37 
I........, 
-1.96  -6.25 
C B l T H I P D  OCTAVE 
5 














C P / T H I I  




















F P E C  A ( F )  
4000. .0214 -0.00  -0. 0 
6300.  .0429 0.00  0.0
SOCO.  .a342 -0.00 -0.00 
HZ D B l P  5 lo 
10000.  . 76C 0.00 0.00 
0 0 0 0 .  ,0564 0.00 0.00 
12500. .lo63 0.00 -0.00 
20000. ,2361 -0.00 -0.01 
16000.  .1597 0.00 -0.00 
31500. .5452 -0.01 -0.06 
40000. .8541 -0.04 -0.17 
50000. 1.2974 -0.10 -0.39 
63000. 1.9878 -0.22 -0.90 
BOOOO.  3.0515 -0.51 -1.98 
100000.  4.4799  -1.01  -3.91 .... r..i.........4~~*~.4......* 

















99.99 99.99 .............. 






-0.02 - 0 . 0 6  
- 0 . 0 5  -0.15 
-0.09  -0.25 
-0.15  -0.45 
-0.21 -0.81 
-0.43  -1.51 
-0.78  -1.98 
-1.48  -6.39 
-2.77  99.99 
-5.49  99. 9 
99.99  9. 9 
99.99  9. 9 
I......., 





-0.01 - 0 . 0 3  
-0.02 - 0 . 0 5  
-0.03 - 0 . 0 8  
-0.05 -0.14 
-0.01 -0.28 








-0.15  -0. 5 
............... I 
5 = 305.41 ( 
IIISYINCL, 
20 5 0  
-0 .00  -0 .00  



























































-4.10  99.99 
99.99  9. 9 
99.99  9. 9 
99.99  9. 9 
99.99  9. 9 




44.41. .e. ............ 
PH 8 90.0 I 
200 400 
















PP = 90.0 8 
720 




























t o o  zoo  400 
-0.04 - 0 . 0 8  -0.19 
-0.05 -0.11 -0.16 
-0.07 -0.11 -0.45 
-0.12 -0 .30  -0.87 
-0.20 -0.57 -1.16 
- 0 . 3 0  -1.15 -3.71 
-0.82 -2.59 -9.06 
-3.56 99.99 99.99 
-1.69 -1.60 99.99 
-8.04  99.99  9. 9 
99.99  9. 9  . 9 
99.99  9. 9  . 9 
99.99  9 .99 ...... 
99.99  .99 .+.a 
99.99 I..... .+.a ,......................* 




















































7 1 0  
-1.11 
























.e. ..+... +..... ...... ...+... 
210 
rmo 
HZ DEIM 5 10 20 50 IO0 200 400 720 
DIsrIYCL,  M 
4000. ,0226 *O.Ol -0.01 -0.01 -0.05 -0.11 -0.23 -0.50 -1.03 
5 0 0 0 .  .0304 -0.01 -0.02 -0 .03  -0.01 -0.17 -0.31 -0.14 -1.10 
6300. -0430 -0.01 -0.01 -0.05 -0.13 -0.11 -0.62 -1.49 -3.44 
1000. ,0636 -0.02 -0.04 -0.01 -0.21 -0.40 -1.11 -2.07 99.99 
10000. .0939 - 0 . 0 3  -0.06 -0.13 -0.36 -0.11 -2.00 99.99 99.99 
16000. ,2123 -0.01 -0.16 -0.35 -1.06 -2.71 99.99 99.99 99.99 
12500. .1407 .0.05 -0.10 -0.21 -0.59 -1.41 -3.71 99.99 99.99 
20000. -3370 -0.12 -0.26 -0.57 -1.14 -5.32 99.99 99.99 99.99 
1 5 0 0 0 .  ,5092 -0.19 -0.41 -0.94 -3.32 99.99 99.99 99.99 99.99 
31500. ,1739 -0.29 -0.64 -1.58 99.99 99.99 99.99 99.99 99.99 
50000. 1,6946  -0.66 -1.60 -4.69  99.99 .99 .99 ...am. *.o. 
40000.  1.1735  -0.45 -1.01 -2.71 99.99 9 .99 .99 .99 ...... 
100000.  4.4901  -1.75  99.99  9 .99  9 .99  9 .99 +iaa* .  ...a e..... 
10000. 3.3699  -1.30  - .79  99.99  9 .99  9 .99 I+.. ..*... *+...a .... t...~.......*~...*...~..*....~*...........*..........**.**.*.~..**..*.... 
58 =-l.O Cl/THIRD OCTAVC T m 191.11 ( 77.0F) RH = 10.0 a 
63000. a.4111  -0.94  -2.40  99.99  9 .99  .99  .99 *e.... OW. 
FREO A ( P )  018TI*CL. u 
4000. ,0226 -0 .00  -0.01 -0.01 -0.03 -0.07 -0.16 -0.36 -0.17 
5000. .0304 -0.01 -0.01 -0.02 -0.05 -0.12 -0.26 -0.62 -1.40 
6300. .0430 -0.01 -0.02 -0.03 -0.09 -0.19 -0.45 -1.15 -2.75 
1000. ,0636 10.01 -0.03 -0.05 -0.15 -0.34 -0.14 -2.29 -5.95 
10000. ,0939 -0.02 -0.04  -0.09 -0.15 -0.59 -1.56 -4.60 99.99 
12500. .1407 -0.03 -0.07  -0.14  - . 3 -1.00 -3.03 99.99  9. 9 
16000.  .2123 -0.05 -0.11 -0.25 -0.79  -2.lb  -6.73 9 .99 9. 9 
20000.  .337G -0.01 -0.10  -0.41  - .44 - .19 9Y. 9 99. 9 9. 9 
15000.  .IC92 -0.13 -0.29  -0.70  -1.64  9.99  9. 9  . 9  9. 9 
31500. .1739  -0.21  -0.40  - .21 -5.10 99.99  9. 9  9. 9  9. 9 
40000.  1.1735 -0 .32  -0.79  -2.14 9 .99 9 .99 .99 .99 ...... 
50000. 1.6946  -0.48 -1.23 -3.56 99.99  9 .99  .09 *.*.4 .*+a** 
b3000. 1.4118  -0.70 -1.117 -6.21 99.99  9 .99  .99 b..... +*#I.. 
80000.  3.3699  -0.99  -2.79  99.99  9 .99  9 .99 * *+#*a  .***ma ..*..0 
100000. 4.4908  -1.35  -4.19  99.99  99.99  99.99 **+a*. ..+so. .....a ................... #..~.~...*.....**.*...*.*....*..*.*.~.....**..~~.*..*.*.*...* 
SB = 0.0 CBITHIUD OCIhVE 1 = 291.2U ( 77.0rl PH E 70.0 a 
HZ DEIH 5 10 20 50 100 zon 400 720 
F R C Q  A ( * )  
4000.  . 226 - 0 . 0 0  -0.00 -0.01 -0.02 -0.04  -0.09  - .22 - .51 
5000. -0304 - 0 . 0 0  -0.01 -0.01 -0.03 -0.Ob -0.15  -0.40  -1. 1 
10000.  . 939 -0.01 -0 .02  -0.05 -0.14 -0 .38  -1.15 -3.71  -11.19 
8000. .0636 -0.01 -0.01 -0.03 - 0 . 0 8  -0.2U -0.57 -1.75 -4.13 
12500. .1401 - 0 . 0 2  - 0 . 0 3  -0 .00  -0.16 -0.75 -2.38 -9.20 99.99 
20000. -3370 .0.04 -0.10 -0.26 -1.04 -3.35 -12.64 99.99 99.99 
11000. .1223 - 0 . 0 3  -0.06 -0.14 -0.54 -1.64 -5.44 99.99 99.99 
25000. -5097 -0.07 -0.17 -0.47 -2.05 -1.00 99.99 99.99 99.99 
40000. 1.1735 -0.20 -0.54 -1.63 -8.58 99.99 99.99 99.99 ++.**e 
31500.  .'I139  -0.12 -0.30 -0.87  -4.01  99.99  9. 9  9. 9  9. 9 
50000.  1.6946 -0.31 -0.88 -2.19 99.99 99.99 99.99 .**..a +..*4s 
63000. 2.4128 -0.47 -1.40 -4.73 99.99 99.99 99.99 +*.a*. .*.4 
80000. 3,3699 -0.69 -1.14 99.99 99.99 99.99 ..*.*a *.e. +.*.a ....*..................................~..*.....*,*...~~.*.~**...**..*.*.**..*** 100000. 4.4908  -0.97  -3.15  99.99  99.99  99.99 a*.*** ***a** .**.e* 
SB = 2.0 L E I T H I P D  OCTAVE I 298.21: ( 71.0F3 UP 8 10.0 3 
H Z  O B f N  5 10 20  50 100  200 400 120 
D I 5 7 C I I C C e  C 
6300.  . O I ~ O  - 0 . 0 0  -0.01 - 0 . 0 2  -0.05 -n.tl -0.28 -0.81 -2.14 
FUE'J h ( F )  
HZ DEfM 5 
DISTaWCC, C 
4000. .on6 0 . 0 0  0 .00  0 . 0 0  - 0 . 0 0  -o.oo - 0 . 0 2  - 0 . 0 8  -0.27 
sooo. ,0304 0.00  0.00 0.00 - 0 . 0 0  -0.01 -0.04 -0.19 -0.63 
IOOOO. ,0939 0 . 0 0  - 0 . 0 0  -0.01 -0.04 - 0 . 1 ~  -0.74 -2.09 -9.12 
10 20 50 LOO 200 400 120 
6300. .0430 0.00 0.00 0.00 -0.01 -0.03 -0.11 -0.40 -1.55 
8000. .Ob36 0.00 0.00 -0 .00  -0.02 -0.07 -0.30 -1.23 -3.86 
12500. .1407 -0.00 -0.00 -0.01 -0.10 -0,44 -1.71 -6.11 99.99 
16000. .la23 - 0 . 0 0  -0.01 -0.04 -0.28 -1.13 -4.39 99.99 99.99 
20000. .3370 -0.01 -0 .02  -0.10 -0 .66  -2.50 -10.18 99.99 99.99 
25000. ,5092 -0.01 -0.Ob -0.14 -1.47 -5.68 99.99 99.99 99.99 
40000. 1.1735 -0 .08  -0.29 -1.13 -6.85 99.99 99.99 99.99 *..a** 
31500. .7739 -0.03 -0.13 -0.53 -3.70 -13.53 99.99 99.99 99.99 
50000. 1.694b -0.14 -0.54 -2.09 99.99 99.99 99.99 *.4*.. *..a. 
63000.. 2.4128 - 0 . 1 5  -0.95 -3.68 99.99 99.99 99.99 .*.a .**'... 
80000. 3.3699 -0.41 -1.55 -6.44 99.99 99.99 *+++.a .+sa.* ..a*. 
100000. 4.4908  -0.61  -2.37  99.99  99.99  99.99 .a**.. e*..*. ....** .....#**..... sa.........*....t*.*..........*.......*..........*......*....*. 
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8 0 0 0 0 .  1.1989 ................ I 
II =-2# 







8 0 0 0 .  
1 1 5 0 0 .  































5 0 0 0 .  
6300. 






























, O  CIITHIRD OCTAVE 
L(i1 
D W P  5 
,0251  - .01  -0.01 
10 
.0371 -0.01 -0.02 
.0564 -0.01 -0.03 
,0817 -0.02 -0.04 
.1999 -0.05 -0.10 
.I321 -0 .03 -0.06 
.I106 -0.01 -0.16 
,4542  -0.11 -0.23 
.9066 -0.20 -0.46 
,6480 -0.15 -0.13 
1.5910 -0.30 -0 .73 
1.2352 -0.25 -0.59 
' 2.0369  -0.37  -0.91 
l .59#9  -0.41 14
. . . . . . . . . . . . . . . . . . . . . . . . . .  
3.2958 -0 .10  -1.89 
80 m 0.0  C I / T H I P D  OCTAVE 
DO/* 
































-0.23 -0 .63 
.............. -0.47  -1. 1 
CIITHIPD OCTAVE 
L C F )  



















0 . 0 0  
0 . 0 0  
0 . 0 0  
- 0 . 0 0  




-0 .04  
-0 .06 
- 0 . 0 8  






0 . 0 0  
-0.00 
0 . 0 0  
-0 .00  
-0.01 
-0.02 
-0 .05  






























-0 .03  -0.09 














I = 210.2l  ( 
20 50 
-0.01 -0 .03  
-0.02 -0.05 





















- 0 . 5 8  
-1 .02 
- 1 . 1 1  






























20 5 0  
DISTANCE, 
0 . 0 0  - 0 . 0 0  
-0.00 - 0 . 0 0  
-0.00 -0.01 
-0.01 -0 .10  
-0.01 -0 .04  
-0.04 -0.23 
-0.09 -0.52 




-1 .00 -1.19 
-1.37 99.99 
-2.12 99.9.9 






- 0 . 0 7  
-0.17 




















99.99  .  
99.99  






RH = 70.0 8 
-0.15 -0.40 
2 0 0  400 











99-99  *.Hi. 
.e ...a ...... e... 
)*...4..t.b..**.a 































































1 2 0  
-0 .62 
-1.49 







e. ...... ...... 
.e 


















80000. ........ I 
PlCO 
4000. 














8 0 0 0 0 .  
.a+. 4 
O I / l  















































-0.15 -0 .33  
-0.25 -0.56 







-0 .00  -0.00 





-0 .01  -0.03 
-0.02 -0.05 
-0.04 -0.00 
-0.06 4 - 1 4  
-0.10 -0.23 
-0.17 -0.40 
-0.30 -0.14 ................ -0.54 -1.39 
E I I T H I R D  OCTAVE 
-0.01 -0.OD 
-0.01 -0.02 












-5.07 99.99 ......M...~...I 






































,. ... a 
















RW = 10.0 4 
,............a 
c 
, 100 200 400 
-0.03 -0.Ob -0.14 
-0.03 -0.07 -0.14 
-0.04 -0.08 -0.17 
-0.06 -0.12 -11.26 
-0.00 -0.1a -0.42 
-0.13 -0 .30  -0.74 
-0.23 4 - 5 6  -1.4b 
- 0 . w  -1.02 -2.84 
-0.12 -1.94 -5.90 
-2.13 4.3s 19.99 
.1.31 -3.99 99.99 
-5.89 99.99 99.99 
99.99 99.99 99.99 
99.99 99.99 99.99 
99.99 99.99 99.99 
,......................a 


































































10 2 0  50 100 200 400 720 
-0.00  -0.0~1 -0.01 -0 .02  -0.04 -0.08 -0.17 








































-0 .02  -0.04 -0.10 
-0.03 -0.06 -0.15 
-0.04 -0.10 -0.26 
-0.07 -0.18 -0.49 
-0.13 -0.36 -1.06 
-0.2s -0.71 -2.22 
-0.41 -1.46 -4.71 
-1.00 -3.20 -11.60 
-4.70 99.99 99.99 
.2.21 -1.52 99.95 
-11.50 99.99 99.99 
99.99 99.99 99.99 

































D E / U  S 
.0410 -0 .00  
.a441 -0.00 
,0471 -0.00 

















0 .00  





-0 .00  
-0.01 
-0.09 
-0 .03  
-0.25 
-0.63 ......... I 




-0.00 -0 .00  
-0 .00  -0.00 
0.00 -0.00 
-0.00 -0.01 
0.00 -0 .00  
-0.01 -0.06 
-0.06 -0.40 












































































Table C.2 Perfect 1/3 Octave Band Filter for Known Source Spectrum 
................................................................................ 













4 O O C O .  












, 0 7 6 0  
,1591 
. 2 3 6 I  
.3545 






SB =-2 ,  
........ I. 
t o  
5 IO 
-0 .00  -0 .00  






- 0 . 0 5  - 0 . 1 1  
-0.00 -0.18 
"3.14 -0 .33  
-0.23 -0 .59  
-0 .70  -1.93 
- 0 . 4 0  -1 .07  
-1 .15   -3 .23  ............... 
CRlTHlRD OC'IAt 
- 0 . 0 3  -0.06 
r 
















: 1 =  
I I S I I Y C L .  
50 
-0.02 
-0 .01  
-0.03 
-0.0s 




-0 .90  
-1.75 
- 6 . 3 3  
-3.46 
-11 .22  






1 0 0  
-0.05 
-0.07 
-0 .12  
-0 .20  
-0.35 
-0.69 
-1 .31  
-2.54 
-4 .93  
-16 .3b 
-9.40 
-44 .51  
-21 .51  
,....*..I 
-66 .31  
9O.OFl 
k P t Q  A I F )  
HZ D B / P  
4000. .0284 -0 .00  - 0 . 0 0  -0.00 - 0 . 0 1  - 0 . 0 2  
6300. .a429 -0 .00  -0.00 -0.00 -0 .01  -0.03 
0 0 0 0 .  .a564 -0 .00  -0.00 -0.01  -0 .02  -0 .Ob 
DISILWCt,  C 
5 1 0   2 0   5 0   1 0 0  
5 0 0 0 .  . a 3 4 1  - 0 . 0 0  -0.0~ - 0 . 0 0  -0 .01   -0 .02  
1 2 5 0 0 .   . l o 6 3  -0.00 -0 .01  -0.02 - 0 . 0 1   - 0 . 2 1  
L O O C O .  .0760 - 0 . 0 0  - 0 . 0 1  -0 .01  -0 .04  -0 .11 
Z O O C U .  .2361 - 0 . 0 1  -0.03 -0 .01  -0 .31   -1 .01  
16000.  .1591 - 0 . 0 1  -0 .02   -0 .04  - 0 . 1 5  - 0 . 4 8  
25000.  . 3 5 4 5  -0 .02  -0.05 -0 .14  -0.65 - 2 . 1 1  
31500.  . 5 4 5 2  -0 .04  -0.10 -0 .30  -1 .40  - 4 . 3 9  
40000. .E541 -0 .07  -0.20 -0.64 -2.98 - 8 . l b  
500CI). 1.2914 -0 .13  -0.40 -1.20 -5 .15  -15 .64  
630UO. 1.9878 -0 .25  - 0 . 8 0  -2.56 -10 .55  -16.74 
ROOGO. 3.0515 -0 .49  -1.56 -4.736 -18 .25  - 4 3 . l U  
1OoocO.  4.4199  -0.87 - 2 . 1 1  -8.10 -28 .45   -65 .48  ......................................................... 
sa = 0.c c e / T n l P n  O C T A V E  T = 3 0 5 . 4 ~  ( 9 0 . 0 ~ )  
FPtC A ( F 1  
l lZ EF!/U 5 I O  2n 5 0  
40co.  .a284 0.00 0 . 0 0  0.00 0.00 
5 0 0 0 .  .OJIZ 0 . 0 0  0.00 0.00 c . 0 0  
6 3 ~ 0 .  .a429 0 . 0 0  0 . 0 0  o.r)o c.01  
coon. .os64  0 . 0 0  0 . 0 0  0 . 0 0  0.01  
1 2 5 ~ 0 .  ,1063 0 . 0 0  0.01  0 . 0 1  0 . 0 0  
2 0 0 ~ 0 .  .2361 0.01  n.01 0 . 0 0  1c.13 
3 1 5 0 0 .  . 5 4 5 1  0.01 - 0 . 0 1  - 0 . 1 2  -1 .01  
n l S l L N C t .  
10000.  .0160 0 . 0 0  0.00 0.01 0 . 0 1  
l b 0 0 0 .  . I 5 9 7  0 . 0 1  0 .01  0 .01  -0.03 
25000.  ,3545 0 . 0 1  0 .01  - 0 . 0 3  -C.19 
4 0 0 C O .  .E511 0.00 -0,Oh -0 .38  -1.46 
50000. 1.2914 -0 .03  -0 .20  -0.92 - 5 . 1 1  
6 3 0 0 0 .  1 . 9 8 1 6  - 0 . 1 0  -0 .51  - 2 . 0 1  - 9 . 8 1  
8 0 0 0 0 .  3.0515 -0 .27  - 1 . 1 1  -4.25 -11 .45  
i O O O C 0 .  4 .9799  -0 .51  - 2 . 2 1  - 7 . 4 8  -21.6U ................................................. 
SE = 2.c t e / T l i r p n  O C T A V L  I = 305.4~ t 
c 





-0 .07  
- 0 . 0 1  
-0 .25  
-0 .60  
- 1 . 6 b  
-3.BU 
-14 .05  
- e . 0 5  
- 2 5 . 9 0  
- 4 2 . ~ 2  
- 6 4 . 5 7  ..... 
' 9C.OFl 
t p t n  
HZ 











5 O O C O .  
630CO. 
1oooco. 
nooco.  .......... 
A ( F  1 
D E l P  
.02R4 
. a 3 4 2  
, 0 4 2 9  
, 0 7 6 0  
. a 5 6 4  
.IO63 
. I 5 9 1  
.2361 
. 3 5 4 5  
. 5 4 5 2  
1.2914 
.E541 





0 . 0 0  
0 . 0 0  
0.00 
0.01  
0 . 0 1  
0 . 0 2  
0.04 
0.03 
0 . 0 5  
0 . 0 8  
0.08 
-0 .03  
0.06 
-0 .26  
0 . 0 0  
1. 41.1*1 
10 
0 . 0 0  
0.00 
0 . 0 1  
0 .01  




0 .06  
0 . 0 8  
0.08 
0.01  
-0 .20  
-0.14 
-1 .13  ........ 
0.00 0 . 0 5  -0.33 
0 . 0 8  -0 .11  -1 .17  
0.05 - 0 . 6 1  -3 .16  
-D. IO - 1 . 9 1  - 1 . 2 8  
- 0 . 5 3  - 4 . 4 1  -13 .99  
-1.54 -9 .01  -24 .98  
-3 .59  -16.57 -41 .16  
- 6 . 7 2  -26 .60  - 6 3 . 5 9  ....................... 









-3 .72  
-23 .42  
-13 .01  
-30 .19  
-62 .65  ...... ...... 
ill...... 
RH i. 9 
-0.17 







-10 .05  
-17.97 
-31.47 
-53.95 ...... ...... ...... ...... 
i.**.*C*4 
10.0 1 
-0.04 -0 .10  
200 400 
-0 .05  -n.14 
-0.00 -0.25 
-0.16 -0 .51  
- 0 . 3 2  -1.05 
-0.68 -2.20 
-1 .55  -4.05 
-3.23 -9.40 
-12.32 -30.69 
-6 .42  -17 .21  
-22 .66  -53 .14  ............ 
- 6 1 . 8 3  *.*.*a ............ ............ 
I............ 
PI4 = 90.0 * 
200 400 
0 . 0 0  -0.04 
0.00 -0 .02  
-9 .04  -0 .28  
-0 .01  -0.09 
- 0 . 1 4  -0 .72  
- 0 . 4 1  -1.74 
-1 .15  -4.24 
- 2 . 6 9  -8.68 
-11 .51  -29 .83  
- 5 . 1 7  -16.44 
-21 .44   -52 .24  ............ 
-b0.93 ..*.OS ............ ............ ................ 
PH = 90.0 3 
2 0 0  
0.06 
0.07 
0 . 0 8  
-0 .12  
0.05 
-0 .13  
-2 .12  
-10 .74  
-5.05 
-20.94 
-59 .95  
-36 .18  




0 .06  




-1 .24  
-3.58 
-7 .90  
C15.58 
-2n.91 
-51.28 ...... ...... ...... ...... ......... 











b.4tb ...... ...... ...... ...... 
I....... 
1 2 0  
-0.23 
-0.36 
-0 .66  
-2 .83  
-11 .62  
- 5 . 6 1  
- 2 1 . 0 1  
-36 .49  
-67 .11  
- 1 . 3 8  
...... ...... ...... ...... ...... 
i....... 
1 2 0  
-0.09 
- 0 . 1 1  
-0 .40  
-1 .00  




-35 .62  
-61 .21  ...... ...... ...... ...... ...... ...... 
1 2 0  
0 .02  
n.05 
-0 .12  
-0.60 
- 1 . 1 1  
-4 .34  
-10 .05  
-34 .68  
-19 .33  






















A I ? )  























-0 .02 -0.04 
-0 .05  -0.10 
-0.03 -0.06 





- 0 . 5 0  -1.56 
-0.78 -2.15 .............. 

















-3 .02  -11.27 
-4.36 -15.10 
-5.99 -20.71 ............... 


























-11.66  -21.49 
-19.61  -45.13 
-31.35 *o. ............ ............ ............ ............ ................. 










-51.34 ...... ...... ...... ...... ...... ...... ...... 
kP€O A l F J  n1srmcO. v 
HZ D E I V  5 10 20 50 100 200 400 120 
4000. . 0 2 2 b  -0 .00  -0 .00  -0.00 -0.01 -0 .01  -0.04  1129
6 3 0 0 .  .a430 -0.00 -0.00 -0.01 -0.02 -0.05 -0.15 -0.41 -1.21 
8 O C O .  ,0636 -0.00 -0.01 -0.01 -0.04 -0.11 -0.32 -1.05 -2.12 
10OCO. .a939 -0.00 -0.01 -0.02 -0.01 -0.11 -0 .68  - 2 . 2 0  -5.61 
20000. .3310 -0.02 -0.05 -0.14 -0.61 -1.99 -6.01 -16.40 -34.81 
16000. ,2223 -0.01 -0.03 -0.07 -0.30 -0.98 -3.13 -9.11 -20.55 
250CO. .5092 -0.03 -0.09  -0.26 -1.22 -3.85 -10.98  -27.12  -56.52 
31500. ,7739 -0.06  - .17 -0 .51  -2.37  -1.11 -18.11 -45.03 ...... 
400CO. 1.1735  -0.10 -0.30 -0.96 -4.35 -12.25  -30.56 ............ 
50000. 1.6546  -0.17  -0.51 -1.62 -7.04  -1R.11  -44.18 .*.*.a .o* 
63000. 2.4128  -0.27  -0.01  -2.57  -10.59  -26.91 .................. 
5 0 0 0 .  ,0304  - .00   -0 .0  -0.00 -0.01 -0.03 -0.08 -0.22 -0.59 
125GO.  .1401 -0.01 -0.02 -0.04 -0.14 -n.44 -1.42  -b.46  -10.79 
aooco. 3.3699  -0.40  -1.23 -3 .04  -14.9~ -36.69 .................. 
lOOOC0. 4.4908  - .56  -1.76 -5.40 -20.04 ........................ ................................................................................ 
SB = 0.G CRITHIPO OCTAVE I = 298.21: C 17.0Fl RH c 10.0 3 
l F L 0  d(F1 D I S T L R C L ,  c 
H Z  D R I l ’  5 10 20 50 100 200 400 120 
40co .  .a226 0.00 0 . 0 0  0 . 0 0  0 . 0 0  0.01 0.01 -0.02 - n . n  soco. . a 3 0 4  0 . 0 0  0 . 0 0  0 . 0 0  0.01 0.01 -0 .00  - 0 . 0 0  -0.34 
6x0. .n430 0.00 0.00  0.01 a.01 0.01 -0.03 -0.25 -0.91 
loncu. . o q ~  0 . 0 0  0.01 0.01 0.00 -0.07 -0.41 -1.74 -5.03 
125~0. .1407 0 . 0 0  0.01 0.01 -0.03 -0.22 -1.04 -3.07 -18.05 
8000.  .Ob36 0.00 0.00 0.01  0.01 -0.01 -0.14  -0.1   -2.3  
20000. .337C 0.01 0.01 - 0 . 0 3  -0.36 -1 .54  -5.42 -15.61 -34.01 
1 6 0 C o .  .2223 0.01 0.01 -0.00 -0.13 -0.66 -2.61 -0.44 -19.73 
2 5 O C 0 .  .SO92 0.01  -0.01  -0. 0 - 0 . 8 b  -3.28 -10.24  -26.81  -55.62 
31500.  .1739 0.00 -0.05 -0.28 -1.89 -6.43 -18.06  -44.14 ..**a* ............ 
5 O O C o .  1.6946 - 0 . 0 5  -0.29 -1.22  -6.36 -17.92 -43.90 
400CO. 1.1735  -0.02  - .14 -0.64 -3.76  -11.49  -2 .11 ............ 
61000. 2.4128 -0.12 -0.53 -2.09 -9.86  -2h.01 .................. 
noooo. 3.3699 -0.21 -n .gu  - 3 . 2 8  -14.20 - 3 5 . ~ 2  .................. 
1000CO. 4.4908 -0.33 -1.35  -4.77 -19.22 ........................ ................................................................................ 
SB i 2.0 CPlTHlPD OCTAVE 1 = 298.21 ( 77.OFJ R H  = 70.0 3 
F P E B  A(FJ  DISTIECL. c 
5 
4 O O U .  . a226  0.00 0.00 0.01  0.01 0.01 0.06 0 . O e  0.06 
HZ D P I P  10 20 50 100 200 400 720 
6.Iuo. . n d 3 c  0 . 0 0  0.01 0.02 a . 0 4  0.07  0.09 - 0 . 0 1  -0.53 
5 0 0 0 .  . a 3 0 4  0 . 0 0  0.01 0.01 0.03 0 . 0 5  0 . 0 8  0 . 0 8  -0 .08  
1 o n c o .  .093q 0.01  0.02 0 . 0 4  0.07 o.ou -0.13 - 1 . 2 4  -4.34 
zoooo.  .3370 0 . 0 4  0.06 0.08 -0.09 -1.07 -4.71  -14.75  -33.07 
8 0 0 0 .  .Ob36 0.01  0.01 0.03 0.06 0.011 0.05 -0.36 -1.76 
12500. .I407 0.02 0.03 0.05 0.08 -0.00 -0.63 -3.22 -9.24 
1bOOO. .2223 0.02 0.05 0.07 0.08 -0.32 -2.04 -1.66 -10.05 
25000. .5G92 0.05  0.07  0. 6 -0 .48  -2.67  9 44-25.95  - .65 
31500.  .7739 0.06  0.07 -0.04 -1.39  -5.70  -1 .18 -43.19 ...... 
40000. 1.1735  0.07 0.04 -0.31  -3.13 - 0.66  -28.78 ............ 
5 0 0 0 0 .  1.6946 0.06 -0.05 -0.79  -5.63  -17.04  -42.94 ............ 
63000. 2 .4120  0 .04  -0.23 -1.56  -9.05  -25.15 .................. 
B O O C O .  3.3699  -0.01  - .51  -2.61  -13.35  - 4.87 .................. 
1000~0. 4.4908 -0.09 -0 .91  -4.09  -18.33 ........................ ................................................................................ 
215 
e ~ ~ ~ H * ~ * ~ * 4 * * M ~ ~ M I ~ e ~ e ~ ~ ~ * e o e ~ ~ o ~ * ~ * ~ ~ ~ ~ ~ ~ e ~ ~ ~ ~ * * ~ ~ ~ ~ ~ ~ e ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ o ~ ~ a ~ ~ ~ . a ~  
8m .-4.O E ~ l f H I R D  OCTAVE I = 288.21 ( dS.01) RH = 70.0 8 
FRLO A4F) 
HZ DBlN 
4000.  , 251 -0.00 -0.01  -0.01 -0.03 -0.06 -0.15 -0.Jb -0.83 
5 10 20 50 100 200 400 720 
5000. .03?1 -0.00 -0.01 -0.02 -0.05 -0.11 -0.26 -0.W -1.58 
b300.  ,0564 -0.01 -0.01 -0.03 -0.08 -0.19 -0.41 -1.28 -3.09 
8 0 0 0 .  .a817 00.01 -0.02 -0.05 -0.14 -0.34 -0.90 -2.53 4.04 
12500. .1999 -0.03 -0.06 -0.12 -0.40 -1.07 -3.01 - # . I C  -18.il 
20000. .I542 -0.06 -0.13 -0.32 -1.15 -3.24 -8.84 -21.19 -45.43 
1bOOO. .JlOL 00.04 -0.09 -0.21 -0.71 -1.97 -5.51 -14.42 -30.41 
25000. .641G -0.09 -0.19 -0.48 -1.77 -4.95 -13.09 -31.73 *aa**D 
31500. ,9066 -0.12 -0.27 -0.61 -2.54 -7.01 -18.03 -42.55 **.eo* 
40000. 1.2311 -0.11 -0.34 -0.89 -3.40 -9.24 -23.17 #+e*.* **e*** 
50000. 1.5970 -0.18 -0.42 -1.10 -4.26 -11.41 -2I.05 **.e. #****a 
63060. 2.0369 -0.21 -0.53 -1.41 -5.45 -14.32 -34.47 +*aaU 
80000. 2.5919 .O.?Y -0.72 -1.99 -7.b3 -19.44 *****a ****** *eo*** ................................................................................ 
SB -2.0 Cll lTHIPD OCTAVE I = 280.2R ( 59.OC) RH = 70.0 8 
vxanncL, v 
1ooao. . 1 3 n  -0.02 -0.04 -0.08 -0.24 -0.60 -1.66  -4.68 -10.17 
.............................................. ***H ...... 
FPLO A I C )  
k'z DBlW 5 10 20 50 100 2QO 400 720 
DISTANCE, U 
4000. .om1 -0.00 -0.00 -0.00 -0.01 -0.03 -0.07 -0.11 -0.59 
5000. .0311 -0.00 -0.00 -0.01 -0.02 -0.05 -0.15 -0.46 -1.24 
6300. .OS64 -0.00 -0.01 -0.01 -0.04 -0.10 -0 .30  -0.98 -2.64 
0 0 0 0 .  ,0177 -0 .00  -0.01 -0.02 -0.07 -0.21 -0.65 -2.11 -5.46 
IOOCO. .1327 -0.01 -0.01 -0.04 -0.13 -0.41 -1.32 -4.15 -1n.11 
12500. .1999 -0.01 -0.02 -0.06 -0.25 -0.80 -2. 6 -7.64 -11.48 
16000. .)lo6 -0 .02  -0.04 -0.12 -0.50 -1.60 -4.15 -13.72 -29.66 
21000. .6480 -0.04 -0.11 -0.32 -1.42 -4.41 -12.40 -30.95 *e***. 
200CO. .4542 - 0 . 0 3  -0.07 -0.20 -0.81 -2.18 -1.20 -21.43 -44.W 
315CO. .906b -0 .06  -0.16 -0.47 -2.13 -6.42 -17.30 -41.75 .***** 
400CO. 1.2352 - 0 . 0 0  -0.22 -0.b5 -2.93 -8.6U -22.41 *.*.a .*.am. 
SOOCO. 1.5970 -0.10 -0.28 -0.83 -3.14 -10.73 -27.27 ***.e* *.**e 
63000. 2.0369 -0.13 -0.36 -1.10 -4.89 -13.61 -33.60 **.*a .*..*a 
110000. 2.5915 -0.17 -0.51 -1.61 -7.02 -10.7U ****** *+..*a *..e*. 
100000.  3 2958  -0.26  -0.112  - .63  -10.01  -27.38 .**a** **e**. .**4** ................................................................................ 
SB 0.C C B l f H l P . 0  OCTAVE 'I 28O.Zb < 59.OFI PH I 70.0 
* P E G  A ( 1 )  
HZ oa / r  5 
DISllhCP, C 
10 
4000. .ozsl 0.00 o.no 0.00 0.01  0.01 -0.00 -0.07  -0.34 
20 50 loo zoo 400  720 
SOCO. ,0371 0.00 0.00 0.00 C.01 0.01 -0.03 -0.24 -0.08 
b 3 0 0 .  .OS64 0.00 0.00 0.01 0.01 -0.01 -0.13 -0.65 -2.14 
8OCO. .Om17 0.00 0.01 0.01 -0.Ob -0.07 -0.19 -1.66 -4.83 
toooo. .1327 4.00 o.nl 0.01 - 0 . 0 3  -0.2~ -0.95 -3.57 -9.31 
12500. .1995 0.01 0.01 n.no -c.10 -0.51 -2.07 -6.95 -16.68 
zooco. ,4542 0.00 -0.01 -n.o7 -0.97 -2.21 -1.50 -20.61 -45.74 
1bOOO. .3lOb  0.010-0. 2  - . 7 - .19 -4.34 - 2.94 -2R.81 
25OCO. .641U -0.00 - 0 . 0 3  -0.15 -1.04 -3.112 -11.64 -30.09 *+am*. 
31SC0. .9.06t -0.01 -0.05 -0.26 -1.611 -5.7b -1b.50 -40.87 *..e** 
400CO. 1.2352 - 0 . 0 2  -0.09 -0.40 -2.42 -7.89 -21.50 I*..*. O.***. 
630CO. 1.03h9 -0.04 -0.18 -0.11  -4.28  -12.84  -32.(11 **.as4 *.~..II ....................................................... ........................................................ .......................................................... ................................................................................ 
58 = 2.C C E l T H l P O  OCTAVE 1 2R8.2R 1 59.0Fl PH 70.0 
FDCO A C C I  
HZ D B I V  5 10 
DlSlANCEr )r 
20 so loo 200 400 120 
4ooo. .02s1 0 . 0 0  0.01 0.01 0 . 0 3  0.05 0 . 0 8  0.01 -0.0s 
5000. .0371 0.00  0.01 0.02 0.04 0.07 0.08 -0.01 -0.50 
6300. .OS64 0.01 0.01 0 . 0 3  0 . 0 5  0 . 0 8  0 .05  -0.31 -1.61 
8 0 0 0 .  ,0817 0.01 0.02 0.04 0.07 0.00  -0.11 -1.17 -4.15 
10000. .1327 0.02 0 . 0 3  0 . 0 5  0.01  0.01 -0.56 -2.94 -8.58 
12504. .1999 0.02 0.04 0.06 0.06 -0.20 -1.55 -b.20 -15.81 
2 0 0 0 0 .  .4512 0.04 0.05 0.06 -0.2b -1.73 -6.74 -19.72 -42.7n 
lt000. .)lob 0 . 0 3  0.05  0.07 -0.04 -0.17 -3.67 -12.10 -27,BCl 
2 5 0 0 0 .  .64BO 0.04 O.Ob 0 . 0 2  -0.65 -3 .18  -10.81 -29.16 **.a*. 
31SCO. .9(i66 0.05 0.06 -0.05 -1.20 -5.05 -15.63 -39.91 *.*a** 
~ O O C O .  1.23~1 0.05  0.04 -0.14  - .07 -7.1a -20.67 *.a**. **.**a 
sooco. 1.5910 0.05 0 . 0 3  -0.25 -2.511 -9.19  -25 50 ao**e* 











2 5 0 0 0 .  
40000.- 
31100'. 






A t ? )  

























-0.01 -0 .02  
-0.01 - 0 . 0 3  
-6.02 -0.04 
'-0.04 -O .O@ 
--O.O,S -O.,l3 
-0.19 -,0.21 
-0.18'  -0.44 
-0.31 -0 .83 ................ 
E I I T H I P D  OCTAVE 
5 10 
. D I m a n c C .  















-2.34 -1.93 ................ 







- 0 . 0 5  

























- 3 0 . 3 3  
-11.61 ....... 















-61.55 ...... ........ 
0 . 0 '  1 
-0.15 
720 










-45.63 ...... ...... ...... 
I.... 
F P E O  l ( F )  
4000'.  .041E -0.00 -0.00 -0.09 -0.00 -0.01 -0.C2. -0.04 -0.09 
6390. .0471 -0.00 -0.00 -0.69 -0.00 -9.01 - 0 . 0 1  -O'.OS -0.11 
10000. '.OS71 -0.09 -0.00 ' -0.00 -0.01 -0.02 -0.05 -0.14 -0.36 
8090. .0513 -0.00 -0 .00  -0.00 -0.01 -0.01 -0 .03  -0.00 -0.19 
w2 n w u  
' ' . nIs?anck, w 
5 10 20 50 100 200 400  710 
5 0 0 0 ;  .orrl -0.09 -0.00 -o.ao -0.90 -0.01 . - 0 . 0 2  -0.04  -0.09 
~2500.: :.0660 -9.00 -0.00 -0.00 -0.01 -0.03 -0.09 -6 .21 -0.74 
rsooo. .on17 -0.09 -n.oo -0.01 -0.03 -0.07  19 -0.62 -1.70 
ZOOGO.  .'lo41 -0.00 -0.01 -0.01 - 0 . 0 5  -0.13  -0.41  -1. 3 -3.55 
25000.' '.1392 -0.00 -0.01 -0.02 -0.09  -0.27  -0.17 -2.01 -1.10 
31900: ,1963 -0.01  -0.02 -9.05 -0.10 -0.59 -1.91  -5. 6 -13.18 
40000. '.2TO9 -0.01 -0 .03  -0.09  -0.41 -1.33 -4.19  -1 .112 -25.88 
50000. ,4309 -9.02 -0.06 '-0.19  -0.117 -2.91 -0.29  -21.58  -44.112 
63000. .6594 -0.05 -0.13 -0.49  -1.91 -5.Eb -11.90 -30.53 ...... 
119000: 1.0316 '-0.09 - 0 . 2 0  -0.91  -4.10  - 1.8'2 -29.55 -61.72 ...... 
100000. 1.1976  -0.19 -0.59 -1.P3 -8.29 -2l.5b - 5 0 . 7 9  ............ ...'~* ............................................................................. 
58 Z 9.0 EIITHIPO OCTAVE 1 277.41 ( 40 .9P)  PH 10.0 I 
t P L O  A C F )  nIstBucE, v 
4000. .041e -0.10 - 0 . 0 0  n.oo -9.09 - 0 . 0 0  - 0 . 0 0  -0.01 - 0 . 0 1  
5 0 0 0 .  .0441 0.09 0 . 0 0  0.09 0 .90  0 . 0 0  0.09 -0.00 -0.02 
6 3 0 0 .  .a471 0 . 0 0  0 .00  o . 0 ~  0 . 0 0  O.OU 0.09 0 . 0 0  -0.02 
eoov. .os13 0.09 o.op 9.00 0.09 0 .91 0.01 - 0 . 0 0  -0.06 
IZIUP. '.a660 0 . 0 0  0.99 0.09 0.01 0.01 -0.01 -0.11 -0.46 
16000. .out7 0 . 0 0  0 .00  0.01 0.01 0.00 -0 .06  -0.36 -1 .28  
3 1 ~ 0 0 .  .is63 0.01 0.01 0.01 - 0 . 0 5  -0.33 -1.47 -5.22 -13.01 
PZ Q B l P  5 10 20 50 100 200 400 1 2 0  
10990.  .a511 0.90 0.00 0.00 0.01 0.01 0.01 -0.03 -9.11 
20090. .'lU41 0.00 0.00 0.01 0.01 -0.02 -0.29 -0.96 -2.99 
21000. .1392 9.00 0.01 0.01 -0.01 -0.10 -0.56 -2.30 -6.42 
49000. ..2909 0.01 c.01 -0.01 -0.10 -0.95 -3.60 -11.07 -15.04 
50800.  .1309 0.01 0.99 -0.05 -0.5b -2.30 -7.59 -20.7b -43.94 
639OV. '.'6394 0.01 -0.02 -0.20 -1.47 -5.22 -15.11 -37.66 *.*.a 
09U90. 1;037b b0.01 -0.11 -0.19 -3.60 -11.01 -28.79 46.112 *I.*. 
lo,aoao. 1.1976 - 0 . 0 5  -0.34 -1.49  -7.59  -20.74 -49.90 ............ ................. ................................................................. 
SB m 2.0 t P / T n m n  a c ? A w  T . 1 7 7 . ~  t 4 0 . 0 ~ )  R H  = 10.9 a 
f Y t Q  












8 0 0 1 0 .  
6300. 
5ooao. 
1oooq0. ......... I. 
A(F 1 




































































0 . 0 3  
0 . 0 5  
0 . 0 6  
0.08 




























0 . 0 5  
0.07 
-0.16 






-4.2.98 ...... ...... ...... ....... 
217 
Table C.3 ANSI Class 111, 1/3  Octave Band Filter  for Known Received  Spectrum 
........e............... .......+*.#....................*..,......................... 
m e =  -6. cwTnImn OCTAVE 7 = 301.4~ ( 9 0 . o ~ )  MII 90.0 I 
FnPa A C T )  D I l Z I Y C L I  
HZ D W M  5 10  20 so 
4000. ,0214 -0.19 -0.19 -0.21 -0.24 
5000. .0342 -0.19 -0.20 -0.21 -0.2b 
6300. .0429 -0.19 -0.20 -0.23 -0.29 
1000. -0564 -0.20 -0.22 -0.25 -0.34 
10000. -0760 -0.21 -0.23 -0.11 4.42 
12500. .IO63 -0.22 -0.26 -0.33 -0.53 
20000. ,2361 -0.21 -0.37 -0.53 -0.18 
1bOOO. ,1597 -0.25 -0.31 -0.42 -0.10 
2 5 0 0 0 .  ,3545 -0.33 -0.46 -0.60 -0.99 
31500. .1452 -0.41 -0.60 -0.07 -0 .80  
50000. 1.2974 -0.bb -0.94 -0 .80  3.13 
40000. .a541 -0.52 -0.11 -1.00 0.34 
63000. 1.987E -0 .R3 -1.02 -0.09 1.60  
IOOOCO. 4.4799 -1.04 -0.03 5.46 29.14 
8OOCO. 3.0515  - .990 7   117 5,...,.. I....4**.~~.~*.~..~*~.~*..~ 


















A ( 1 )  

































-0.14 -0.15 -0.17 
-0.14 -0.15 -0.lb 
-0.15 -0.16 -0.21 
-0.15 -0.1s -0.24 
- 0 . 1 1  -0.20 - 0 . 3 0  
-0.19 -0.24 -0.37 
-0.22 -0.10 4 - 4 1  
-0.26 -0.11 -0.55 
-0.33 -0.4b -0.52 
-0.41 -0.55 -0.12 
-0.51 -0.54 1 . 1 8  
-0.57 -0.23 4.28 
-0.50 0.79 9.88 
-0.09 3.08 10.90 
O.R7  6.b8 30.h) 















-0.99 -0.27 3.21 
-0.11 2.29 10.41 
0.62 1.64 22.27 
11.11 34.25 99.99 
1.05 17-40 41.75 
23.95 99.99 99.99 
42.14 99.99 99.99 
99.99 99.99 99.99 
91.99 99.99 99.99 
99.99 99.99 99.99 
i....................... 


















-0.29 -0.41 -0.55 
-0.39 -0.54 4 . 5 4  
200 400 110 
- 0 . 3 3  -0.41 -0.59 
-0.48 -0.56 -0.14 
-0.55 -0.34 1.16 
-0.51 0.56 4.36 
0.01 3.39 11.11 
5.23 10.76 43.16 
1.58 8.91 23.64 
25.33 99.99 99.99 
12.48 35.65 99.99 
44.16 99.99 99.99 
99.99 99.99 99.99 
99.99 99.99 94.99 
99.99 99.99 99.99 
..4...* ~~..*,**.,**.***..*.~..**.*.*..**..****.*..~* 
sop= -2. C I / ' I H I P ~  OCTAVE 1 = 305.11 c 9C.OFl RH = 90 .0  



































A ( b  I nlST)NCt, U 
.oiR4 -0.07 - 0 . 0 1  - 0 . 0 0  4 . 1 ~  -0.12 - 0 . 1 1  -0.23 4 . 2 Y  
.034i -0.07 - 0 . 0 8  -0.08 - 0 . 1 ~  -0.13 -0 .19  -0.25 - 0 . 2 5  
.a429 - 0 . 0 7  - 0 . 0 8  -0.09 -0.12 -0.16 - 0 . 2 2  -0.25 -n.ae 
.n5h4 -0 .08  -0.08 -0.10 -0.14 -0 .19  -0 .21  -0.15 0.51 
. 1 ~ 7  - n . ~ o  -0.12 -0.11 -c.z~ -0.10 0.70 4.41 12.91 
.z361 - 0 . 1 1  - 0 . 1 5  -0.70 -0.23 0.20 2 .49  1n.07 24.91 
D P l U  5 I n  20 5 0  I U O  zoo 400  120 
.a160 - 0 . 0 8  -0.09 -0.11 -0.17 -0 .22  -0.22 0.24 2.03 
.IC63 eC.09 -0.10 - 0 . 0  - 0 . 2 0  -0.24 -0.04 1.35 5.42 
. 3 5 4 5  -0.13 -0.16 -0.24 -C.Ob 1.?5 6.32 20.00 44.47 
. 5 4 5 2  -0.1b -0.22 -0.73 0.53 3.81 13.h9 36.95 99.99 
1,2974 -0.24 -0.21 0;40 5 . 3 4  11.57 45.47 99.99 99.99 
.E541 -C.20 -0.25 - 0 . 0 8  ?.lb 9.12 26.60 99.99 99.99 
1.9818 -0.25 -0.00 1.bl 11.06 31.01 99.09 99.99 99.99 
3.051s  - .200. 9  4.08  20 157 99.99 99.99 99.99 
4.4799 0 . 0 0  1.71 1.m 31.92 99.99 99.99  99.99 99.99 
1.......1.~.........**.*.*.*...~.**.,..*...~***~**.*~.*.~...*..*~*~**.~. 
s e w  0 .  L P I T H r P n  ~ C T A V U  '1 = 105.41: c 9 o . w ~  PP = 90.0 a 
A 0  I 
D P l V  5 10 20 50 
D I S T P l d C E n  
. O ~ H I  - 0 . 0 0  - 0 . 0 0  -0.01 -0.01 
.a342 - 0 . 0 0  - 0 . 0 0  -0.01 -0.01 
. O ~ Z S  - 0 . 0 0  -n.oo -0.01 -0 .02  
.os64 - 0 . 0 0  -0.01 -0.01 -0.03 
.01h0 - 0 . 0 0  -0.01 -0.02 -0.03 
.1597 -0.01 -0.02. -0.03 -0.01 
.s4s2 -0.03 - 0 . 0 3  0 . 0 8  1.15 
.lGb3 -0.01 -0.01 -0 .02  -0.03 
.23b1 -0.92 - 0 . 0 3  - 0 . 0 3  0.09 
.I545 -0.02 -0.03 -0.01 0 . 3 b  
.E541 -0.04 0.01 0.36 2 . 9 1  
1.2974 -0.02 0.14 1.00 6.31 
1.9878 0.03 0.48 2.38 12.13 
4.4199 0.50 2.49 8.R3 33.09 
3.0515 0.19 1.2~ 5.01 21.29 
U 
100 200 
-0 .03  -0.04 
-0 .02   -0 .04  
- 0 . 0 )  -0.04 
-0.03 - 0 . 0 0  
-n.02 0.10 
0.03 0.41 









400 7 7 0  
-0.05 -n.o2 
- 0 . 0 3  0.09 
0.25 1 . 1 3  
0.04 0 . 3 1  
0 . 1 9  7.R3 
2.09 1 . 4 0  
5.35 14.00 
11 .14  Zh.01 
21.14 45.67 





99.99 99.99 ..........................*~. 4.~ . . . . . . . .~~~. , .~~~. . . . .~ . . . . .~~~* . . .~ .~ .~ . .4 .~~~.~~ 












4 0 0 0 .  
5 0 0 0 .  
6300. 
1OOCO. 
8 0 0 0 .  
125C0. 
..
A c F  I 
D R / Y  
.O2R4 
.a342 
. a 5 6 4  


























0 . 0 1  
0.08 
0 . 0 7  
o.nr 
0.07 
0 . 0 8  
0.10 
10 
0 . 0 7  
0 .OB 









20 5 0  
0.07 0 . 0 1  
0 . 0 1  0.08 
0.08 0 . 0 6  
0.08 0.09 
0 . 0 9  0 . 1 4  
o.ns 0.11 
0.14  0.41 
0.11 0.23 










0 .08  








































































1 0 0 0 0 .  




6 3 0 0 0 .  
ioooco.  
8 0 0 0 0 .  
....a 
Acr) 
D w a  
, 0 1 1 6   - 0 . 9 -0.20 -0.11 -0 .15  -0.31 
, 0 4 3 0  - 0 . 1 0  -0 .21  -0.24 -0.33 - 0 . 4 7  
-0304 -0 .19  -0.10 -0 .22  - 0 . 2 1  -0 .37  
, 0 6 3 6  -0 .11  -0 .23  -0 .21  - 0 . 4 1  -0 .61  
- 0 9 3 9  - 0 . 1 1  - 0 . 2 6  -0.33 -0.53 - 0 . 7 I  
, 1 4 0 1  "0.24 -0 .30  -0 .41  -0.6Y -0 .95  
,2223 -0 .29  -0 .37  -0.53 -0 .17  -0 .9b 
.3370 - 0 . 3 3  -0.45 -0 .61  -1 .00  - 0 . 4 7  
, 5 0 9 2  -0 .39  -0.57 -0.84 -0 .91  1 .09  
- 1 7 3 9  -0.48 - 0 . 7 1  - 0 . 9 9  - 0 . 2 1  4 .47  
1 . 1 7 3 5  - 0 . 6 0  -0 .09  -1 .03  1 . 3 9 ~  1 0 . 1 1  
2.4118 -0.R6 -1.09 -0.31 1.60  1 5 . 9 1  
1 .6946   -0 .73   -1 .02  -0 .14  3.99  11.19 
3 .3699   -0 .97  -1 .04  0 . 6 4   1 2 . 1 1   - 0 . 9 1  
1....1............................,**......***, 
SBP= - 4 ,  EE/THlpD OCTAVE I 8 29Y.21 ( 7 7 . W )  
DIsrmcL. a 
5 1 0   2 0 50 1 0 0  
4 .4908  -1 .05  - 0 . ~ 3  2 .09   17 92 ...*a 
FPEQ A r f )  
40CO. . O l l b  
nz D l l l  
6 3 0 0 .  .a430 
5 0 0 0 .  .0304 
10000.  . 0 9 3 9  
8060. .Ob36 
11500.  .1407 
1 0 O C O .  .33 lC 
2 5 0 0 0 .  .5092 
400CO. 1 . 1 1 3 5  
3 1 5 0 0 .  . 7 7 3 9  
500C0. 1.6946 
630CO. 1 . 4 I 7 U  
8 O O C O .  3.1699 
16oon. .2223 
I O O O C U .  4 . 4 9 0 s  .................. 
seP= -2. 
l P L U  
PZ 
4 0 C L I .  
b3C0. 
. sucn.  
mocn. 
AI1 I 




4 0 C O .  . 0226  
b3CO. . a 1 3 0  
50CU. .0301 
8 0 0 0 .  .Ob36  
i u o c n .  - 0 9 3 5  . ~ . .  . ~  
1 1 5 0 0 .  .1407 
IbOCO. . 2 2 2 3  
25000.  . S O 9 2  
40(lC0. 1 . 1 7 1 5  
2 0 0 ~ 0 .   . 3 3 7 0  
315co .  . 1 7 1 5  
t PEO 
HZ 
5 0 0 0 .  
63C0. 
1OOCO. 





6 3 0 0 0 .  
8UOCO. 
l O ( 1 0 C O .  
a w n .  
I l s o n .  
25000. 
4 0 0 ~ 0 .  
5 10 
-0 .14  -0.14 
-0.14 -0.15 
- 0 . 1 4  -0.15 
-0.15 -0 .17  
-0.16 -0.19 
-0 .20  -0.26 
- 0 . 1 7  - 0 . 2 1  
- 0 . 2 3  - 0 . 3 2  
-0 .41  - 0 . 5 7  
- 0 . 3 4  -0 .49  
-0 .5D - 0 . 6 1  
- 0 . 5 1  -0.511 
-0.63 - 0 . 4 3  
-0 .64  -0 .1u 
- 0 . 1 8  -0.40 
................ 
LIITHIPD I lCTAVE 
5 10 
- 0 . 0 1  - 0 . 0 7  
- 0 . 0 8  -n.nu 
- 0 . n 7  - 0 . n ~  
-0.0~1 - 0 . 0 9  
- 0 . 0 9  -0.10 
- 0 . 1 1  - n . 1 5  
- 0 . 1 0  - 0 . 1 2  
-0.13 -0.18 
-0 .1b -0 .72  
- 0 . 1 9  - 0 . 2 5  
-0.23 -0.76 
- 0 . 1 1  - 0 . 2 2  
- 0 . 2 9  - 0 . 0 9  
- 0 . 2 ~  0 . 1 7  
- 0 . 1 3  0 . 5 9  ................ I 
CBI' lHlprl  O C T A V E  
5 





- 0 . 0 1  
- 0 . 0 7  
-0.03 
-0 .04  
-0 .04  
- 0 . 0 1  
- 0 . 0 1  
-0.01 
0 . 1 7  
0 . 0 6  ........ 
SEPS 2. I 
L t t )  




. 0 9 3 9  . I 4 0 1  
. 1 2 2 3  
.3370 
. 5 0 9 2  
. 7 7 3 9  
.063b 
1 . 1 1 3 5  
1 .691b 




1 0  50 
-0.15 -0.10 
-0.16 -0 .20  
-0.10 4 . 1 4  
-0 .20  - c . 3 u  
-0 .24  -0.37 
- 0 . 1 9  -0.46 
- 0 . 3 1  -0.55 
-0.46 -0 .55 
-0.55 -0.2u 
-0.5u c.sn 
- 0 . 4 7  2 . 4 4  
-0.13 5.17  
0.54 8 .86  
1.63 1 3 . 5 3  
I.............I 
3.19  19.27 
1 298.2L ( 
PIRILNCL, 
111 5 0  
-o.na - C . I U  
- n . n s  - C . I I  
-0.11 - c . I ~  
- 0 . 1 3  - 0 . 1 ~  
-0.16 - 0 . 1 4  
- 0 . 2 0  - c . 2 3  
-0 .24  - 0 . 1 0  
- 0 . 2 5  0 . 3 3  
-0 .16  1 . 3 s  
0 . 0 6  3 . 4 1  
0 . 5 5  6 . 2 6  
2 . 5 5  1 4 . 7 3  
4 . 2 0  2 0 . 5 1  
I.......* 
- 0 . 1 0  r C . 1 3  
1 . 3 5  10.02 
1 = 298.2L r 
v 
100 
- 0 . 1 1  
- 0 . 2 7  
- 0 . 3 3  
- 0 . 4 1  
- 0 . S l  
- 0 . 3 9  
-0.5b 
1 . 1 1  
1 1 . 4 2  
5.66  
1 7 - 2 9  ...... - 0 . 3 0  
I......, 
7 1 . 0 F l  
0 . 3 1  
11.54 
1 0 0  400 1 1 0  
-0.43 -0.63 -0.W 
-0.10 -0.96 -O.#4 
-0.54, -0 .19  -0 .99  
-0.11 -0 .93  0 . 1 4  
-0.99 -0 .11  1 . 2 0  
-0 .79  1 . # 4  9 . 3 0  
0 . 4 9  1-21 1 1 . 3 #  
3.52 1 6 . 0 1  39 .03  
9 - 1 9  1 9 . 7 1  9 9 . 9 9  
3 1 . 7 1  99 .99  9 9 . 9 9  
1 8 . 4 1  ' 31.16  9 9 . 9 9  
0 . 9 1  9'1.99 9 9 . 9 9  
.*.a*. 9 9 . 9 9  9 1 . 9 9  
9 9 . 9 9  99 .99  99 .99  
9 9 . 9 9  99.99 9 9 . 9 9  
PH . 1 0 . 0  t . . . . . . . . . . . . . . . . . . . . . . . .  
c 
- 0 . 1 2  
t u n  
-0 .15  
- n . ~ n  
- 0 . 2 2  
- n . z 4  
- n . 1 8  
0.1) 
I . n b  
).Ob 
1 2 . 6 1  
6 . 7 b  
1 9 . 7 1  
0 . l U  
111.57 ...... ,.....*.. 
71.0FI 
1 0 0  400 
-0 .30  -0.43 




-0.10 1 . 9 1  
4 . 6 s   1 7 . 3 1
1 - 4 4  1-11 
10.40 31.11 
33.18 Y9.99 
1 . 5 5  9 9 . 9 9  
1 9 . 7 8  31.115 
..e... 9 9 . 9 9  
9 9 . 9 9  9 9 . 9 9  
9 9 . 9 9  9 9 . 9 9  
I........* 
RH 8 7 0 . 0  t 
I n  
*lhlANCtr 
2 0  
-n.oo - n , n ~  -0.01 -0.02 
- 0 . 0 0  -0 .01 - c . o l  -0.03 
-0.01 -0.01 - 0 . 0 2  - 0 . 0 )  
- 0 . 0 1  -0.02 - 0 . 0 3  -0.02 
-0.01 - 0 . 0 1  - 0 . 0 3  0.03 
-0.02 -0.03 - 0 . 0 1  0 .19 
- 0 . 0 3  -0.03 0.01 0 . 7 0  
- 0 . 0 4  -0.02 0.33 1 . 7 8  
- n . n 4  0.04 c . 9 1  3 . 9 4  
-0.02 0 .21  J . I ~  1 . 7 7  
0 . 0 4  n.5n 4 . 3 1  1 3 . 7 ~  
0.38 7 . 1 0  11.08 1 9 . 7 1  
0 . 7 3  3 . 4 0  1 5 . ~ 4  n.59 
so t u n  
0 . 1 1  1 . 1 8  7 . 2 6  2 0 . 9 1  
.........  ..*...................I 1 .25   5 .14   21 65 *a**.. 
5 
0 . 0 1  0 . 0 1  
lo 
0.01 0.08 
0.07  0 .07  
0 . 0 8  0.08 
0 . 0 8  0 . n ~  
0 . 0 8  0.08 
0.08 a.ns 
0 . 0 5  0 . 1 1  
0 .10  n.15 
0.11 0.21 
0 .15  0 . 3 4  
0 . 2 0  0 . 5 4  
0 . 2 7  0 .83  
0 .38  1.76 
0.55 I .Rb 
1 i 298.2K ( 
nlSlLNCL, 
zn 50 
0 . 0 8  0 . 0 8  
0.08 0 . 1 1  
n.14 0 . 3 9  
0.08 0 . 0 8  
0 . 0 8  0 . 0 9  
0 . 0 9  0 . 1 4  
0 . 1 0  0 . 2 1  
0 . 2 0  0 . 7 5  
0 . 3 3  1 . 4 6  
0 . 5 9  1 . R 2  
1 . 0 7  5 . 1 3  
1 .78  8 . l b  
2 . 8 0  11 .05  
4 . l U  1 6 . 8 5  









2 . 4 4  
1 . 2 0  
4 . 7 4  
n .69  
2 1 . 9 5  
1 4 . 6 9  




2 0 0  400  
- 0 . 1 1  -0.23 
-0.71 -0.74 
-0.22 0.24 
- 0 . 0 4  1 . 3 5  
7 . 3 4  0 . 6 4  
0 . 5 6  3 . 9 1  
11.66 31.39  
3 4 . 4 1  9 9 . 9 9  
1 . 0 2  9 9 . 9 9  .* 1.s. 9 9 . 9 9  
9 9 . 9 9  9 9 . 9 9  
9 9 . 9 9  9 9 . 9 9  
- 0 . 2 4  -0 .16  
5 . 7 5  1 n . 6 ~  
21.03 3 7 . 4 3  
I...... ........ 
RH i 7 0 . 0  I 
1 1 0  
-0.55 
- 0 . 1 9  
-0.54 
1 . 1 6  
10 .59  
4.34 
.40.44 
1 2 . 1 5  
9 9 . 9 9  
9 9 . 9 9  
9 9 . 9 9  
9 9 . 9 9  
9 9 . 9 9  
9 9 . 9 9  
99 .99  
I....... 
I. 
- 0 . 2 4  
720  
- n . t o  
0 . 4 4  
7 .03  
24.01  
5 . 4 0  
11 .77  
41 .75  
9 9 . 9 9  
9 9 . 9 9  
9 9 . 9 9  
9 9 . 9 9  
9 9 . 9 9  
Y9.99 
9 9 . 9 9  ,...... 
z o o  4uo 7 2 0  
-0.03 - 0 . n ~  0 . 0 7  
-0.01 n . 2 1  1 . 0 4  
-0.03 n.n3 0 . 3 3  
0 . 1 0  0 . 7 9  2.1) 
0 . 4 1  2.08 6 . 3 s  
3 . 1 7  10 .70  25 .17  
1.111 4 . R 3  1J.Rb 
6 . 7 4  1 9 . 7 4  4 7 . 9 4  
1 ? . 7 5  33 .57  9 9 . 9 9  
1 2 . 1 7  3 2 . 9 6  99.O9 
3 5 . 6 5  9 9 . 9 9  9 0 . 9 9  
2 . 1 0  9 9 . 9 9   
.e.. 99 .99   
9 9 . 9 9   .  99.99 
9 9 . 9 9   9 9 . 9 9   9 9 . 9 9  
RH = 7 0 . 0  1 
I................ 
2 0 0  400 
0 . 1 1  n . t e  
0 . 1 4  0.30 
0.21 0 . w  
0 . 4 2  1.31  
0.85 2.77  
1 .77  5 . 6 7  
3.93 11.66  
7 . 6 3  1 0 . 7 1  
13 .73  34 .64  
2 3 . 2 1  33.21  
3 6 . 7 3  9 9 . 9 9  
u..... 99.99  
1 . 4 4  9 9 . 9 9  
9 9 . 9 9  9 9 . 9 9  
9 9 . 9 9   p .  
7 2 0  
0.311 
0 . 7 4  
1.6U 
7 . 2 6  
3.58 
1 6 . 2 2  
9 9 . 9 9  
99 .99  
9 9 . 9 9  
9 9 . 9 9  
9 9 . 9 9  
99 .99  
9 9 . 9 9  




#BPS -6. EB/THXID OCTAVE f 8 200.21 I 59.01) IW 70.0 
1 R L D  A(r) 
HZ on/* 5 10 PO SO 100 200 400 120 
DII'IIWCE, P 
,4000. ' ,0251 -0.19 - 0 . 2 0  -0.21 -0.28 -0.37 -0.54 -0.79 -0.90 
SOOO. ,0311 -0.10 -0.21. -0.24 -0 .33  -0.47 -0.69 -0.91 -0.07 
6300. .OS64 -0.21 -0.23 -0.20 -0.41 -0.60 -0.87 -0.96 ' 0.06 
10000. .I327 -0.14 -0.30 -0.40  -0.67 - .94 ,.-OsIC 1.43 . 8.24 
0000. ,0877 -0.22 -0.26 -0.33 -0.52 -0.78 -1.00 -0.37 2,aD 
12500. .I999 -0.27 -0.35 -0.10 -0.83 - , - 1 . 0 2  -0.09 1.11 16.91 
20000. -4542 , -0.36 -0.52 -0.11 , -1.05 -0.06 5.17 20.61 16.19 
I6OCO. .3106 -0.31 -0.43  699 -0.18 ?.Ob l l . 0 5  31.15 
25000; ;6486 -0;42 -0;61 -0;PI -0;95 1 - 2 3  , 9.66, 30i68 *e*;** 
40000. 1.2352 -0.54 -0.81 -1.10 -0.20 , 4.96. . l 9 . 5 5  +...*a 99.99 
31500. ,9066 -0.48 -0.71 -1.02 -0.66 2.98 14.13 -20.11 *4..** 
50000. 1,5970 -0 .59  -0 .81  -1.13 0.41 1 - 1 2  13.68 .*.4** 99.99 
80000. 2.5989 -0.73 -1.02 -0.85 3.94 11-06 .+**** 99.99 99.99 
63000. 2.0369 -0.65 -0.95  -1.09  1 5210 J-6 .43 99.99 99.99 
100000. 3.2958 "3.85 -1.04  0 98.64  ?.I7  99 99
.4 4..~...........I....a*a.****.4.**.~....~*...~.4.*4*4~ 










8000 .  
A ( F )  









































































25000. ;64RO -0.30 -0.43 -0.59 -0.29 2.27 10.9b 32;08 **4;4* 
31500.  .go66 -0.34 -0 .50  -0 .64  0.12 4.12 15.86 -20.16 
400011. 1.2352 -0.38 -0.55 -0.66 0.69 6.17 20.91 * * ~ 4 * 4  99.99 
630CO. 2.0369  -0.45  -0.62 -0.51 2.58  11. 3  -67.81 99.99  9. 9 
5OOCO. 1.5970  -0.42  -0.59 -0.63 1.38  8.38  14 42 .*+.*a 99-99 
B U O C O .  2.5969  -0.50  -0.62 -0.14 2 18. 1 **I*** 99.99  9. 9 .*......... l . *~.........I.............**4*.*~**.*..********~*****.*.*~*.*4**** 10OOCO. 3.2958 -0.55 -0.52  0.79  9.92 3.48  99.99  9. 9 . 9 





5 0 C O .  
1OOCO. 
8 O C U .  
125GO. 
200C6. 




500cu .  
1000c0. 
8 O O O U .  
630cn. 
**......I 
t F t U  
hZ 
4 0 C O .  
6 3 0 0 .  
50crt. 













D R / C  
h ( t  1 
.0251 















b ( F  I 
D H l C  
.ai51 











2.5985 ....... 1. 3.2958 
.64nc 
s w -  2. 
F P E C  
40CO. 




8 O C U .  
125CO. 
160CO. 
























- 0 . 0 1  - 0 . O R  
-6.09 -0.09 





- 0 . 1 5  -0.21 
- 0 . 1 1  -0.24 
-0.26 -0.27 
-0.22 -0.30 





c e / m m n  O C T A V E  
5 10 
-0.00 -0.00 




- 0 . 0 2  -0.03 
-0.02 - 0 . 0 4  
-0.03 -0 .05  
- n . o q  -0 .05  
-0.05 - n . w  
-n .o6 -0.05 
-0.06 -0.03 























0 . 0 8  













D I S ' l L N C t .  
-0.09 - C . l l  
-0.10 -0.13 
- 0 . 1 3  - c .  2~ 
2 0  50 






-0.21 0 . 8 1  
-0.22 1.52 
-0.14 2.29 














-0.02 0 .40  
0.09 1.56 
0.20 2.29 
0 . 3 3  3.12 
0 . 5 9  4.48 
1.17 7.20 
2.39 11.18 
0.02 0 .94  
i............... 
'I = zna.21: ( 
DISTLRCL. 
20 50 
0 . 0 8  0.08 
0 . 0 8  0.10 








0 . l U  3.89 
1.09 5.31 
3.11 13.16 














































3 .18  




















4 . 1 6  14.58  
..*... 99.99 -67.44 99.99 
99.99 99.99 
I....... 
RH E 70.0 I 
720 















200 400 720 
-0.03 0 . 0 3  0.33 
-0.01 0.21 0.99 
0.08 0.70 2.58 
0.37 1.95 6.02 
1.03 4.34 11.76 
2.39 0.53 2 0 . 7 2  
5.09 15.6U 3 5 . 0 2  
8.73 24.38 17.70 
18.21 -19.43 .*a*.. 
13.23 34.54 **a**.  
23.30 * * * *4*  99.99 
15.43 +*a**. 99.99 .*.... 99.99 99.99 -67.18  99.99  9. 9 
99.99  9. 9  0. 9 


















4 0 0  
































1BC. -6. CD/THIID OCTAVE f 277,LK ( 40.0r) RH m 10.0 I 
FREE A(r) 
HZ DDlR 
I O O O .  .0441  -0. 9  -0.19 -0.19 -0,21 -0.24 -0.30 -0.40 -0.56 
4000. .0418 -0.19 -0.19 -0.19 -0.21 -0.24 -0.29 -0.39 -0.55 
6300. .0471 -0.19 -0.19 -0.20 -0.22 -0.25 -0 .31  -0.45 -0.63 
10000. .OS71 -0.19 -0.20 -0.21 -0.26 -0.33 -0.46 -0.68 m.0.91 
a000. .OS13 -0.19 -0.19 -0.20 -0.23 -0.28 -0.38 -0.54  76
12500. .0660 -0.19 -0.21 -0.23 -0.29 -0.40 -0.5B -0.15 -0.99 
1bOOO. .Om11 -0.20 -0.22 -0.26 -0.36 -0.52 -0.76 -0.99 -0.bl 
2OOCO.  .IO41 -0.21 -0.24 -0 .30  -0.45 -0.66 -0.93 -0.82 0.94 
1 5 0 0 0 .  ,1392 -0.23 -0.27 -0.36 -0.58 -0.84 -0.97 0.25 4-91 
31500. .19b3 -0.25 -0.32 -0.45 -0 .15  -0.98 -0.47 3.46 13.10 
40000. ,2909 -0 .30  -0.40 -0.51 -0.93 -0.81 1.60 10.71 20.57 
50000.  .4309 -0.35 -0.51 -0.75 -0.97 0.24 6.35 23.09 99.99 
63000. ,6594 -0.45 -0.66 -0.93 -0.47 3.4b 15.86 44.69 99.99 
100000.  1,5976 -0.75 -0.98 -0.4b  6.35  23 0999.99  99. 9  9. 9 
80000. 1.0316 -0.58 -0.15  9b1.60  10 72 33.25 99.99  9. 9 .................. ~~~.~~~...*~.~.....*~.~~..~.~..~.~.....*..~~.....~.~..~~...... 
SIP. -4. CClTHIPD OCTAVE . T 8 277.6s f 40.0?1 RH = 10.0 I 
DIIT~NCCI )I 
5 10 20 50 100 200 400  720 
m m  L O )  
5000. .0441 -0.13 -0.13 -0.14 -0.15 -0.17  21940
HZ D I / P  5 10 20 50 100 200  400 120 
DIS‘IAMCL, n 
4000.  . 411  - 3 -0.13 -0.14 -0.15 -0.11  2-0. 9  3
6300. .0471 -0.13 -0.14 -0.14 -0.16 -0.lY -0.23 -0.32 -0.44 
8000. .OS13 -0.13 -0.14 -0.15 -0.11 -0.2U -0.27 -0.31 -0.51 
10000. ,0571 -0.14 -0.14 -0.15 -0.18 -0.23 -0.32 -0.46 -0.56 
125CO. .Ob60 -0.14 -0.15 -0.16 -0.11 -0.2Y -0.40 -0.54 -0.49 
20000. .lo41 -0.15 -0.17 -0.21 -0.32 -0.45 -0.56 -0.15 1.94 
16000. .a817 -0.14 -0.16 -0.18 -0.26 -0.36 -0.50 -0.53 q.13 
25000. .1392 -0.16 -0.19 -0.25 -0.40 -0.54 -0.43 1.17 6.12 
31500. .I963 -0.18 -0.23 -0.32 -0.50 -0.53 0.31 4.62 14.51 
40000. .2909 - 0 . 2 1  -0.28 -0.40 -0.56 -0.15 2.66 12.03 29.96 
5 0 0 0 0 .  .4309 -0.25 -0.35 -0.5U -0.43 1.17 1.59 24.41 99.99 
63000. .6594 -0 .32  -0.45 -0 .56  0.31 4.62 11.21 46.12 99.99 
8 0 0 0 0 .  1.0376 -0.40 -0.54 -0.41 2.6b 12.03 34.65 99.99 Y9.99 
1000G0. 1.5976 - 0 . 5 0  -0.53 0.34 1.59  24.41  99. 9  99.99  9. 9 ..............................C...*.**...*..**...*.*.**.*..**.**.**...~*.*~*~~**~.~* 
SdP. -2 .  C P l T H l E n  OCTAVE I i 217.6K ( 40.0P) P H  = 10.0 I 
FPEO 



















.O4lb  -0.07 
.a441 -0 .01  





. O b 1 1  - 0 . 0 8  
.I392 -0.09 




.6594 - 0 . 1 8  
1.59lt  -0.24 
..*.....I...... 
































5 - 6 6  
13-23 
2 5 . 1 3  
: 40.0P) 
I...* 
k P E C  A ( € )  
4 0 C O .  .0418 
HZ D B l V  
L 6300. .0471 
LOOCU. .a571 
8 O G O .  . O S 1 3  
12500. . O b 6 0  
1bOOO. .0817 
2 O O U V .  .lo41 




UOOCO.  1.0376 
LOOOCU. 1.5976 
5000.  .a441 
4OOGO. . m 9  
5 10 20 50 
DISIIhCL, 
0 . 0 1  0.07 0.07 0.01 
0 . 0 1  0.01  0.01 0 .01  
0 . 0 1  0 . 0 1  0 . 0 1  ’ 0 . 0 1  
0 . 0 1  0.01  0.01 0.08 
0 . 0 1  0 . 0 1  0.08 0.on 
0.01 0 . 0 7  0.Oh 0 . 0 8  
0.01 0.08 0.08 0.09 
0 . 0 8  0 . 0 8  0 . 0 8  c.11 
0.08 0.09 0.11 C.26 
0 . 0 8  0.08 0.09 0.16 
0.00 0.10 0.16 C.53 
0.09 0.13 0.21 1.09 
0.11 0.20 0.52 2.42 
0.16 0.37 1.14 5.37 





- 0 . 1 3  -0.18 
-0.15 -n .21  
- 0 . 1 8  -0.24 
-0.22 -0.23 









, . . . . . . . . . . . . .I . 
RH I 10.0 I 
Y 
-0.01 -0.03 -0.05 
1 U O  200 400 
-0.01 - 0 . 0 3  - 0 . 0 4  
-0.01 -0.03 -0.04 
-0.01 -n.o3 -0.04 
-0.02 -0.03 -0.02 
-0.03 -0.03 0 . 0 7  
-0.03 0.02 0.31 
-0.01 0.17 1.10 
0.07 0.61 2.R4 
0.33 1.16 6-61 
2.83 9.70 26.90 
1.10  4.54  14.33 
14.33 31.13 99-49 
6.61  19 5848.62 
I.................+.... 
26.90  99.99  . 9 





- 0 . 2 4  













1 2 0  

































200 400 120 
0 . 0 1  0.07 0.09 
0.01 0.08 0.11 
0.09 0.14 0.25 
0.08 0.10 0.15 
0.11 0.21 0.46 
0.16 0 . 3 1  0.93 
0.28 0.19 2.14 
0.53 1.67 4.54 
1.10 3.58 9.11 
2.42 1 1 5 6  17.87 
10.73 21.96 99.99 
5.37 15.33 33.49 
20.61 49.12 99.99 
30.21 99.99 99.99 
99.99  9. 9  . 9 
221 















































40000 .  
5ooco .  
6 3 0 0 0 .  
1000c0.  
b360.  
Ronco. ....*... 1 
ACF) 
















SBP= -4 .  
.3545 
A I F )  






. l o 6 3  
,1597 
.2361 













-0 .31  
- 0 . 3 1  
- 0 . 3 2  
-0.34 
-0.36 
-0 .39  
-0.44 
-0 .49  















-0;53 -0.44 0 . 7 1  9.56 
-0.54 -0.04  2 .93  18.51 ,..... 1*............I........... -0 .44  0.115 6 .42   30121  
, CBlTHIPD OCTAVE 2 E 305.4U 1 
DlSThHCL# 
5 10   20  50  
- 0 . 2 0  -0 .20  -0 .21  -0 .21  
- 0 . 2 0  -0 .20  -0.21 -0 .22  
- 0 . 1 0  -0 .20  -0 .21  -0.23 
- 0 . 2 1  -0 .21  - 0 i 2 2  -0.25 
- 0 . 2 0  -0 .21  -0.22 -0.24 
- 0 . 2 1  -0 .22  - 0 . 2 4  - 0 . 2 1  
- 0 . 2 2  -0.23 -0.25 -0 .20  
- 0 . 2 2  -0.24 -0 .21  -0.25 
-0 .24  -0.26 -0.28 -0.08 
- 0 . 2 5  -0 .28  -0.26 0 .48  
-0 .27  -0.28 -0.10 1.99 
-0 .29  -0.23 0 .36  5.03 
-0 .28  -0.02 1.48 10.64 
- 0 . 2 1  0.53 3.02 19.67 ..............*.*.........~.~*.~ -0 .01   1 .51   7 .44   31 .40  
C 8 1 7 n I m  n c r n v e  1 = 3 0 5 . 4 ~  I 
.0425   - . 10  -0.10 -0 .10   -0 .11  
.0564  - 0 . 1 0  -0 .10  - 0 . l U  -0 .11  
. 0 1 6 0  - 0 . 1 0  -0.10 -0 .11  - 0 . 1 1  
. l o b 3  -0 .10  - 0 . 1 1  -0.11 -0 .10  
.1597 -0 .10  - 0 . 1 1  -0 .11  -0.Ob 
.2361 - 0 . 1 1  - 0 . 1 1  -0.10 0 .04  
, 3 5 4 5  - 0 . 1 1  -0 .11  -0.07 0 .31  
.5452 - 0 . 1 1  -0 .09  0.02 1.02 
. ~ 5 4 1  - 0 . 1 0  -n.04 0 . 2 9  2.73 
3 .0515  0 .13   1 .09   4 .68   20 .75  
1 .2974 -0.08 0.09 0.80 5 .93  
1 .9676   -0 .02 0 .40  2 .17  . 11.66 
,.... 1.1...tl.*.l. 4 .4794   0 .42  2 .27  8.41  32.52 
SAP= 0 .  C P l T H I P D  OCTAVE 1 = 305.4K ( 
H 
-6.35 














9 0 . 0 1 )  
I 
19.14 
-0 .23  
1 0 0  
-0 .24  
-0 .25  
- 0 . 2 1  
- 0 . 2 0  
-0 .11  
-0 .20  
0 . 1 1  
1.14 
3.56 
8 . 1 3  
1 7 . l V  
30 .49  
30.34 
..I... , .*. . 1 
: 9C.OF) 
P 
- 0 . 1 1  
100 
- 0 . 1 1  
-0.11 
- 0 . 1 1  
-0 .09  
- 0 . 0 3  
0.17 
0 . 6 5  


















5 .01  11.37 
2 4 . 9 1  0.30  
4 3 . 7 1  ..a*. 
r 5 1 . 5 1  ...... ...... ... 0.. 
..I.. .a*... 
I................ 
R H  = 90.0  a 
2 0 0  4 0 0  
-0 .26  -0 .29  
- 0 . 2 1  -0 .29  
-0 .28  -0 .20  





13 .24  36.42 







PH = 90.0 4 
2 0 0  4 0 0  
-0 .12  -0 .11  
-0 .11  -0 .09  
-0 .10  -0 .02  
-0 .06  0.19 
0 . 0 5  0.68 
0.34  1.90 
3.06 10.h8 
1.20 5.n1 
6 .92  20 .61  
14 .29  3 1 . 5 5  
46.07 * * *a * *  
2 7 . 2 0  0 .88  
-57 .01  ...*.I
I..... ....I. .*.... .I.. ..........**.... 
l i H  = 90.0  9 










42 .11  




1 2 0  
-0.26 
-0 .09  
0.46 
1 . 0 1  
5.12 
12 .41  
24.41 






-0 .06  
7 2 0  
0 . 0 4  
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C , 2  CORRECTION TO STANDARD ATMOSPHERIC CONDITIONS 
Reference  conditions: T = 288.2'K (59'F), RH = 70%, Perfect  Filter 
All terms  are  as  defined  in  Appendix  C.l  with  the  following  exceptions: 
DA(F) = Difference  Between  Pure  Tone  Absorption  in  db/m  at  the  Measured 
Atmospheric  Condition and the  Reference  Atmospheric  Condition = 
a(T,RH) - a(Tref, RHref) 
6 = Difference  in  Band  Loss  Coefficients = Li(T, RH) - Li(Tref,  RHref) 
in db = value  given  in  table. 
Note:  Entries of 99.99 or ***** indicate  the  integral  does  not  converge. 
The  user  should  check  to  insure  that  his  filter  is  capable  of 
recovering a signal  with a roll  off  of the magnitude  used. 
2 24 
Table C.5 ANSI Class 111, 1 /3  Octave Band Filter Used at Receiver 
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Table C . 6  Perfect 1/3 Octave Band Filter Used at Receiver 
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APPENDIX D - SYMBOLS LIST 
a 
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atmospheric transmission function at f 
pure  tone  absorp t ion  coef f ic iedmeter  a t  frequency f ,  
db-m-l 
j 
free space absorption, db-n 
measured absorption, db-m 
-1 
heig th  of  the  n th  burs t  as a function of x 
amplitude of the sound wave a t  the  source  
-I 
corrected tube absorption, db-m-' 
theoret ical  absorpt ion,  db-m 
tube absorption, db-m 
-1 
-1 
pure tone absorption coefficient a t  the  r e fe rence  
temperature, and relative humidity, RtIref, db-m 
pure tone absorption coefficient a t  temperature, T, 
and relative humidity, RH, db-m 
empirical parameter in Sutherland's equation, 
1.458 x kg-m -sec -OK 
number of segments i n t o  which t h e  band i s  divided 
band power f o r   t h e   i t h  band, watts-m 
band power f o r   t h e   i t h  band a t  the source,  w a t t s - m  
band power f o r   t h e   i t h  band a distance,  R, from t h e  
source, wat t s -m 
source band power level f o r   t h e   j t h  segment, wat t s -m 
attenuated band power o v e r   t h e   j t h  segment, watts-m 
speed of sound, m-sec 
v ib ra t iona l  spec i f i c  hea t  (of n i t rogen  o r  oxygen), 
J-(kg-mole) -OK 
spec i f i c  hea t  a t  constant pressure,  J-(kg-mole) 
spec i f i c  hea t  at constant volume,  J-(kg-mole) -OK 
acoustic frequency, Hz 
center  f requency of  the i th  band, Hz 
-1 
Tref '  
-1 














r g j  
f 
r , N  
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a geometr ica l ly  spac ia l  f requency  in  the  i th  band, used 
as the  lower  f requency  for   the j t h  segment wi th in   the  
band, Hz 
relaxation frequency, Hz 
relaxation frequency of nitrogen, Hz 
relaxation frequency of oxygen, Hz 
absolute humidity, molar percent 
relative humidity, percent 
slope parameter of f i l t e r  f u n c t i o n  
band level of t h e   i t h  term 
band level a t  t h e   s o u r c e   f o r   t h e   i t h  band 
s e r v e s  t o  c h a r a c t e r i z e  t h e  s l o p e  of the source spectrum 
slope parameter of input spectrum 
slope parameter of a t tenuat ion  curve  
ambient pressure, N-m 
reference pressure, 1.013 x 1 0  N-m 
p a r t i a l   p r e s s u r e  of saturated water vapor, N-m 
one tenth of  the s lope of the received spectrum level, 
db-decade-' 
one t e n t h  of t he  s lope  of the energy density, change-decade 
propagation distance,  m 
universal gas  constant, J-(kg-mole) -OK 
f requency rat io  between band cen te r s  
relative humidity, percent 
re ference  relative humidity 
empirical parameter in  Suther land 's  equat ion,  110.4OK 
f o r  air  
slope of air at tenuat ion curve,  db-bandwidth 
source spectrum slopelbandwidth, db-bandwidth-' 
s lope  of received spectrum, db-bandwidth 
f i l t e r   r o l l   o f f   p e r  bandwidth, db-bandwidth-' 














Z r o t  
" 
"c1 " CR 
a 
a 
r o t  
v ib  , j
a vib ,N 
" vib  , 0 





f i l t e r  t ransmiss ion  func t ion  a t  f 
f i l t e r   r e s p o n s e   f o r   t h e   i t h  band (0 t o  1) 
f i l t e r  f u n c t i o n  a t  some frequency f i n  t h e   j t h  segment 
standard reference temperature, 293.15"K 
length of  the burst ,  sec 
reference  temperature,  eq.  (3.19), 273.16'K 
reference temperature,  O K  
acous t ic  power s p e c t r a l  d e n s i t y  a t  any frequency, f ,  J-m 
power spec t r a l  dens i ty  of the  source  at f J-m 
power s p e c t r a l  d e n s i t y  a t  a distance,  R, from the source at 
frequency, f ,  3-m 





separation between sound source and microphone, m 
mole f r a c t i o n  of t h e  component, 0.29048 f o r  oxygen and 
0.78084 fo r  n i t rogen  
r o t a t i o n a l   c o l l i s i o n  number 
to ta l  absorp t ion  coef f ic ien t ,  nepers-m 
classical absorption, nepers-m 
absorption due to combined r o t a t i o n a l  r e l a x a t i o n  and 
classical mechanisms, nepers-m 
absorp t ion  due  to  ro ta t iona l  re laxa t ion ,  nepers-m 
absorp t ion  due  to  v ibra t iona l  re laxa t ion  of  oxygen o r  
nitrogen, nepers-m 
absorp t ion  due  to  v ibra t iona l  re laxa t ion  of  n i t rogen ,  
nepers-m . 
absorption due t o  .vibrat ional  re laxat ion of  oxygen, 
nepers-m 
absorpt ion due to  vibrat ional  re laxat ion/vavelength,  nepers  
absorption per wavelength, nepers 
r e f l ec t ion  coe f f i c i en t  fo r  t he  ends  of t he  tube  
r a t i o  of s p e c i f i c  h e a t s  
d i f f e rence  between band absorption coefficient and the 












P O  
w 
number of db to be added to measured 
the  spectrum one would  have  measured 
spectrum to obtain 
for the  same band 
on a  reference 
band loss ,  db 
characteristic 
coefficient of 
wavelength,  cm 
coefficient  of 
vibrational  temperature, OK 
thermal  conductivity, J- (kg-mole) - K-Gsec -1 0 -1 
viscosity,  kg-m-sec -1 
-3 equilibrium  gas  density,  kg-m. 
2a  times the acoustic  frequency,  sec -1 
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